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ABSTRACT 
In the present energy and CO2 emission conscious climate natural ventilation is 
undergoing increasingly intensive research. Buildings located in a sheltered in-fill 
location subject to single-sided natural ventilation are a common occurrence. 
However, the combination of stack effect and wind effect induced natural ventilation 
rates is not well defined. This thesis investigates the influence of wind on a sheltered 
building subject to single-sided natural ventilation. 
Full-scale experiments were undertaken over a wide variety of prevailing conditions 
on a suitable test cell to provide the measurements for the investigation. The analysis 
established that the flow/pressure drop relationship representing the airflow across the 
boundary of the building was best described by a power law relationship with an index 
of n=0.6348, rather than the conventional Bernoulli equation (which reflects a 
special case of the power law relationship when the index n=0.5). "Warren" plots, 
modified to reflect the power law flow/pressure drop relationship, identified stack 
effect dominance for the test cell. ' However, the wind was shown to influence the 
single-sided natural ventilation rates by virtue of the wind direction altering the flow 
path through the openings in the building and, so, affecting the flow characteristics of 
the openings. 
The investigation enabled a prediction model to be developed whereby the natural 
ventilation rates in the test cell subject to single-sided natural ventilation could be 
predicted from internal and external temperature and wind direction. Validation of the 
model identified an over-prediction for high stack effect driving forces and under- 
prediction for low driving forces. The over- and under-prediction was concluded to be 
the result of incorporating the flow characteristics of the building openings as constant 
values. The flow characteristics should be treated as a variable function of wind 
direction and the stack effect driving force. 
Key Words: single-sided natural ventilation, power law flow/pressure drop 
relationship, Warren plots, Pinnock plots, stack effect, wind effect, sheltered building, 
prediction model, opening flow characteristics. 
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CHAPTER 
1 
INTRODUCTION 
In the present climate of energy conservation and CO2 emission consciousness, 
building heating, ventilating and air conditioning (HVAC) systems are required to 
achieve thermal comfort and indoor air quality (IAQ) by the most energy efficient 
manner possible. To this end optimising the use of natural external environmental 
conditions for heating, cooling and purging airborne pollutants within a building 
envelope is considered an area which can significantly reduce a building's running 
costs and generate energy savings yet still satisfy both the occupants comfort and the 
equipment requirements. Natural ventilation has been investigated, researched and 
incorporated into building design and, as a consequence, models to predict natural 
ventilation rates have been developed to aid the designer. 
Development of prediction models requires knowledge of the driving forces acting on 
a building that generates the natural ventilation. These driving forces are the 
temperature difference between the air inside and outside of a building and the 
incident impinging wind. The influence of the wind is recognised to be different for 
the two modes of natural ventilation. This is owing to the fact that the impinging 
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wind generates different pressures on the different facades of the building. In cross- 
flow natural ventilation air enters and exits a building on different fagades subject to 
different pressures, whereas, in single-sided the air movement into and out of the 
building is from the same facade, subject to a the same pressure. 
Natural ventilation prediction models are more prevalent for buildings subject to 
cross-flow ventilation regimes rather than single-sided regimes. Primarily because 
cross-flow natural ventilation is more widespread and to a lesser extent as a result of 
the lack of knowledge in the effect of wind for single-sided modes. Yet single-sided 
natural ventilation is a common occurrence particularly for buildings in a sheltered in- 
fill location, i. e. an urban environment (Dascalaki et al, 1999). 
Research has reported that turbulence can have a significant impact on single-sided 
natural ventilation (Dascalaki et al, 1995) and turbulence can be more pronounced in 
the impinging wind on a sheltered building. The local wind pattern is more turbulent 
than the prevailing conditions would suggest, by virtue of the sheltered location, 
owing to the disturbance of the prevailing wind as it passes over and around the local 
surrounding environment. 
In conclusion, there is a need to further investigate the influence of wind, or the 
interaction between wind and stack effect, in single-sided natural ventilation, 
particularly for buildings in a sheltered locale where turbulence can have a greater 
impact, with a view to develop a single-sided natural ventilation prediction model. 
1.1 NATURAL VENTILATION 
Natural ventilation can be defined as: 
natural ventilation - air movement through open windows and doors, 
ventilators, shafts or chimneys into and out of a 
building due to naturally generated pressure 
differences between inside and outside air. 
(Eastop & Watson, 1992) 
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The reliance of natural ventilation on "naturally generated pressure differences" 
(resulting from internal and external temperature difference and the impinging wind) 
suggests that it is arbitrary or unpredictable. However it is widely used and under 
increasing investigation, although forced or mechanical ventilation is inherently easier 
to design and control. 
1.1.1 Issues Encouraging the Use of Natural Ventilation 
Global warming, holes in the ozone layer, depletion of the world's energy resources 
are all present day environmental issues (Department. of Environment, GPG 71, 
1993). They are not necessarily fully understood, but are certainly influencing 
worldwide action. For example, the Montreal Protocol, and subsequent meetings, 
instigated the reduction in CO2 emissions and phase-out and ban of ozone depleting 
chemicals, indirectly forcing the manufacture of a new range of ozone friendly 
refrigerants. These issues are similarly influencing the Building Services Industry. 
The global desire to reduce CO2 emissions, associated with electricity generation, has 
encouraged energy conservation. Consequently, as a high proportion of a building's 
energy bill can be attributed to the operating cost of the air conditioning plant, the 
drive to incorporate natural ventilation in industrial and commercial buildings has 
primarily come from a desire to reduce energy consumption (Dept. of Environment, 
GPG 71,1993). 
1.1.2 Applications for Natural Ventilation 
Natural ventilation can provide a reduction in a building's running costs in a number 
of ways. The Chartered Institution of Building Services Engineers (CIBSE) 
Application Manual AM10,1997 illustrates that annual energy cost per square metre 
of building can typically be 40% less for natural ventilated building than for an air 
conditioned building. Similarly, maintenance costs for natural ventilated buildings can 
be a quarter of those for air conditioned buildings. Other than purging the internal 
atmosphere of contaminants, the fresh supply of air, can provide cooling to counter 
internal heat gains and, so, eliminate or reduce the operation of air conditioning plant. 
In hot climates with low night temperatures natural ventilation can be used for night 
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cooling to cool the building fabric, again to help reduce air conditioning plant 
operation when the building is occupied in the daytime. Finally, natural ventilation 
can have a direct impact on the occupants whereby the increased indoor air movement 
generated could enable the occupants to perceive thermal comfort at higher air 
temperatures than with little or no air movement, consequently, reducing the load on 
the air conditioning plant. 
Natural ventilation is, and has been, in widespread use in the United Kingdom in 
domestic properties (houses), where occupants ventilate by opening windows and 
doors to satisfy their own comfort requirements. These properties cannot really be 
considered designed explicitly with a view to implement natural ventilation but rather 
implicitly through a consequence of the relevant Building Regulations at their time of 
construction. On the other hand, commercial properties succumb to different criteria 
and requirements, where ventilation considerations intrinsically become part of the 
design process. It is in the area of commercial developments that natural ventilation is 
coming to the foreground when considering a ventilation regime for a building. Some 
notable new buildings using natural ventilation have been commissioned in the last 
few years. For example, the School of Engineering's Queens Building at De Montfort 
University, (Building Services, October 1993) and the Portland Building at 
Portsmouth University (Building Services, February 1997). Also, two buildings near 
Coventry, the Cable & Wireless College, (Martin, 1995) and the PowerGen 
Headquarters, (Building Services, March 1995). The CIBSE Application Guide, 
AM10,1997, documents a number of case studies on natural ventilated buildings 
including the new Inland Revenue Tax Office at Nottingham. 
1.1.3 Mechanism of Natural Ventilation 
The fundamental understanding of natural ventilation has not significantly changed 
over a number of years. The relevant British Standard (BS5925: The Code of Practice 
for Ventilation Principles and Designing for Natural Ventilation) was updated in 1991 
from the 1980 edition but the mechanisms of natural ventilation described therein 
have basically remained unchanged. CIBSE Guides and Applications Manual (AM10) 
and American Society of Heating, Refrigerating and Air-Conditioning Engineers 
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(ASHRAE) Handbooks provide comparable descriptions. (More detailed description 
of the mechanisms and derivations of any calculations are given in chapter 2. ) 
Driving Mechanisms 
Natural ventilation is the air movement through openings in a building envelope as a 
result of either wind impinging on the building (termed the wind effect) or the 
temperature difference between air inside and outside the building (termed the stack 
effect), or a combination of the two effects (BS5925,1991). The two effects create a 
pressure difference across openings in the building's facades. As in any fluid flow the 
movement of fluid between two points is driven by the pressure difference between 
those two points. Therefore, the flow of air due to each effect can be quantified 
separately on the basis of the created pressure difference. 
In the wind effect, the wind impinging on the building envelope generates a pressure 
distribution over the external surfaces of the building. The magnitude of the pressures 
generated are dictated by a number of conditions; for example, local wind velocity and 
direction, geometry of the building in question, proximity of surrounding buildings 
and obstructions. The resulting pressure distribution for a given condition is non- 
uniform and varies depending on the location on the facade. However, for simplicity 
averaged facade pressures are often used in calculations. The pressure distribution is 
usually described by a dimensionless pressure coefficient, Cp, such that: 
L. _ 
Ps - Po 
OSpýu2 
(1.1) 
where ps is the pressure at the facade surface, po is the static pressure in the 
undisturbed wind, pe is the density of outside air and u. is the wind velocity at a 
reference height (usually taken as the building height). Knowing the pressure inside 
the building, the pressure difference across the building facade can be established and, 
consequently, the flow through an opening in the facade due to the wind effect 
determined. 
The stack effect pressures are induced by buoyancy forces resulting from the different 
temperatures, and hence different densities, of air inside and outside the building. The 
tendency of air movement under stack effect is vertical so a flow path is required 
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between lower and upper openings in a building for this to occur. Also, if the internal 
temperature is higher than outside the direction of flow is into the building at the 
lower openings and outward at the upper openings (the flow will be reversed if the 
internal temperature is cooler). The inward and outward flow must satisfy 
conservation of mass so an expression for the pressure difference across openings can 
be derived on the basis of the internal/external temperature difference, the height 
between the uppermost and lowermost openings and the height of the opening above 
some defined datum. 
Therefore, the pressure difference across an opening generated by the wind and stack 
effects can be derived quite simply for each individually, but the combined influence 
of both wind and stack effects is an extremely complicated relationship. For 
calculation purposes one effect is usually taken as being dominant and the other is 
ignored. BS5925 adopts this premise advocating that the ventilation rate is calculated 
for each effect and the higher rate is taken as the overall natural ventilation rate. Other 
parties (for example, ASHRAE Handbook (1993), De Gids and Phaff (1992), Walker 
and Wilson (1990)) have proposed combinations of the effects by various formulas as 
can be seen in chapter 2. 
The above highlights that natural ventilation is dependent on a wide variety of 
parameters not to mention the vagaries of the weather. The result of this not only 
impacts on the magnitude of the natural ventilation rates but also upon the flow path 
of air into, out of and through the building. 
Modes of Natural Ventilation 
There are two modes of natural ventilation, described by the location of the openings 
in a building; cross-flow ventilation where openings are located on different facades 
of the building and single-sided where one or more openings are located on the same 
facade. Single-sided ventilation is typical in small offices or educational 
establishments where internal doors are closed for reasons of noise and privacy, 
although, in general single-sided natural ventilation occurs in limited situations. For 
cross-flow ventilation to occur there must be a flow path within the building between 
openings on different walls. If this is the case the size of the building will not impact 
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greatly on the feasibility to naturally ventilate as can occur in a single-sided regime. 
The commonly held belief is that single-sided natural ventilation is only effective in a 
room up to a depth of 6m from the openings (CIBSE Guide, Volume B, Section B2), 
however, Walker (1992) determined that it could be effective up to 10m. A general 
rule of thumb is that single-sided natural ventilation penetrates to a depth of 2.5 times 
the height of the ventilated space with a double opening and height between the 
openings of roughly 1.5m (CIBSE, AM10,1997). The magnitude of ventilation rates 
for openings of similar size and in comparable conditions are reported to be smaller in 
single-sided natural ventilation than for cross-flow, although still capable of providing 
an adequate contribution to the cooling load and removal of contaminants for health 
reasons (CIBSE Guide, Section A4). 
Achievable Natural Ventilation Rates 
BS5925 and CIBSE Guide Section A4 contain tables exhibiting formula to calculate 
ventilation rates for wind effect and stack effect alone for single-sided and cross-flow 
natural ventilation in simple buildings (the tables are sourced from Building Research 
Establishment (BRE), 1982). Table 1.1 below tabulates the natural ventilation rates 
using these formulas to identify the amount of airflow that is achievable and to 
compare single-sided and cross-flow regimes. 
The area of openings were taken as the same for both modes of ventilation, such that 
the area of the bottom opening in the single-sided natural ventilation case ' equated to 
the sum of the areas of the bottom openings in cross-flow case; likewise for the top 
opening. Also the height between the openings was the same. Consequently, a direct 
comparison between the different flow regimes can be made, although the actual 
magnitudes of the ventilation rates are unimportant. 
flow rate 
driving mechanism (m3/hr) 
single-sided regime cross-flow regime 
wind only (wind effect) 30.22 201.95 
temperature difference only (stack effect) 123.50 123.52 
Table 1.1: Comparison of natural ventilation rates 
calculated from BS5925. 
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A significant fording from the results in table 1.1 is that stack effect flow rate is 
virtually the same for single-sided and cross-flow regimes. This is not unexpected, as 
the areas for the upper and lower openings were the same for each case; the only 
variation is the method in which the areas are incorporated into the formulas. 
However, these results are discordant with the statement in the CIBSE Guide that 
single-sided ventilation rates are less than cross-flow under comparable conditions. 
From the results, this is only seen in the wind effect induced ventilation where the rate 
is over six times lower in single-sided ventilation than in cross-flow. 
Conclusion on the Mechanisms 
The formulas used to calculate the flow rates in table 1.1 have been developed from 
first principles and measurements made at BRE. The wind effect only formula for 
single-sided natural ventilation (equation 1.2) is the only equation where no reference 
is made to pressure, it simply relates ventilation rate, Q, to area of opening, A, and 
wind velocity, ur. 
Q=0.025Aur (1.2) 
Equation 1.2 suggests that a non-pressure based algorithm satisfied measurements 
from which it was derived and leads to the conclusion that the pressure distribution on 
the building envelope generated by the wind and the pressure coefficient C, does not 
satisfy the processes occurring in wind induced single-sided natural ventilation. One 
explanation could be that buoyant forces are dominant over wind induced forces or 
that the wind induced forces are self-cancelling. Certainly the perception that wind 
impinging on openings on one facade, as in single-sided mode, will create airflow into 
and out of those openings is difficult to grasp. 
Consider two identical buildings in the identical location and situation, one with 
openings on the windward side only (subject to single-sided natural ventilation) and 
the other with openings on both windward and leeward facades (subject to cross-flow 
natural ventilation). It is conceivable that the wind pressures generated in each 
situation are the same. So, where the wind effect is apparently less significant (i. e. in 
single-sided mode rather than in cross-flow mode as exhibited by table 1.1), the wind 
could have a self-cancelling effect; effectively that no 'exit' route is available for the 
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air movement. In physical terms it is not difficult to perceive little or no air movement 
in single-sided mode between openings on the same facade experiencing equivalent 
wind pressures from the impinging wind. Whereas, in cross-flow mode it is easier to 
comprehend different pressures generated on different facades containing the 
openings causing a net pressure drop across the openings and a flow path for the air 
between the openings. In fact, in single-sided mode it is credible that the wind could 
impede any air movement due to buoyancy forces. 
It is apparent from the British Standard and CIBSE methods of calculating natural 
ventilation rates that the impact of wind on single-sided natural ventilation is not very 
well defined. 
1.1.4 Natural Ventilation Prediction Models 
Dascalaki et al (1996) supports the commonly held belief that in single-sided 
ventilation thermal and wind pressures are the driving forces for ventilation and 
asserts that prediction of ventilation rates is a complex problem Prediction models 
and methods combine wind and stack effects in such a way that the ventilation rate 
can be split up into constituent parts; i. e. a part due to incident wind, a part due to 
buoyancy forces and possibly a part due to the turbulence of wind as suggested by de 
Gids and Phaff, 1992 (see sub-section 2.2.3). Such models are AIRNET (Walton, 
1988), BREEZE (BRE, 1992), COMIS (Feustel, 1990), ESP (Clarke, 1993), NORMA 
(Santamouris, 1994) and PASSPORT-AIR (Dascalaki and Santamouris, 1994). The 
numerous methods by which wind and stack effect are combined emphasises the 
influence of wind in single-sided natural ventilation is not clear or commonly defined. 
1.1.5 Summary of Natural Ventilation 
Natural ventilation has gained increasing popularity in the desire to reduce building's 
energy bills and a number of notable buildings have successfully incorporated natural 
ventilation in the buildings' ventilation systems while achieving the savings on 
operating costs. 
The British Standard and CIBSE Guide (including CIBSE, AM10) provide formulas 
for calculating natural ventilation rates, which were derived from first principles and 
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measurements at BRE. In the main the formulas relate the ventilation rate to pressure 
differences as would be expected for a fluid flow. The exception being the ventilation 
rate for wind effect in single-sided mode, which simply relates ventilation rate to the 
opening area and velocity of the wind (see equation 1.2). The formulas suggest natural 
ventilation rates are comparable for stack effect in single-sided and cross-flow 
regimes, however, wind effect formulas produces significantly higher ventilation rates 
for cross-flow than for single-sided situations. However, care has to be taken in not 
placing too much dependence on formulae. 
The British Standard advises that the combination of wind and stack effects 
ventilation rate be taken as the larger of the individually calculated rates. Whereas, the 
numerous prediction models that have been developed in the main combine the natural 
ventilation rates due to wind and stack effects by some additive form, and sometimes 
include a turbulence term (see chapter 2). 
1.2 OBJECTIVES OF THE THESIS 
Two aspects discussed highlight that the mechanisms of the fluid dynamics involved 
in single-sided natural ventilation rates are not fully understood. Firstly, the modelling 
of the combination of wind and stack effects varies from the simplistic in BS5925, 
where the combined effect is taken as the larger of the calculated wind or stack effect, 
to the more complex as used in prediction models. Secondly, the algorithm to 
calculate wind effect defined in the British Standard is not related to a function of the 
differential pressure, which drives the air movement. Furthermore, the large difference 
between the wind effect ventilation rates seen in table 1.1 suggests the influence of the 
two natural ventilation driving forces is significantly different for cross-flow and 
single-sided regimes. So, prediction models should reflect one or other of the modes 
of natural ventilation; one model could not predict ventilation rates for both single- 
sided and cross-flow modes. Aspects that are not definitively known in single-sided 
natural ventilation are: 
i) the interaction between wind and stack effects, 
ü) the physics governing the movement of air into and out of the same facade as 
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a result of wind effect, 
üi) the impact of turbulence of the wind. 
The Aim 
The aim of this thesis is to investigate the influence of wind for a building in a 
sheltered in-fill location subject to single-sided natural ventilation with a view to 
develop a single-sided natural ventilation prediction model. 
Investigatory experiments should be performed on a full-scale test environment so 
measurements recorded would actually reflect what is physically occurring in real-life 
and real-time terms. Assuming the measurements taken are accurate and consistent 
from experiment to experiment, their analysis should minimise the risk of 
incorporating preconceived ideas of the fluid flow mechanisms taking place. 
A sheltered in-fill location was chosen, not only because it is a relatively common 
single-sided natural ventilation regime, but to ensure the incident wind pattern is 
turbulent; turbulence in the incident wind has been reported to influence the 
magnitude of natural ventilation rates in single-sided ventilation regimes (Dascalaki et 
al, 1995). 
Data would be collected from numerous experiments in order to provide data for 
analysis covering a wide range of conditions; wind velocity and directions and 
internal/external temperature differences. 
1.2.1 Approach to Research 
The approach to the research is to record measurements from a life size test 
environment to investigate the influence of wind and develop a prediction model from 
the recorded data. A neural network prediction model could be developed, but the 
nature of the fluid dynamic mechanisms involved in generating the natural ventilation 
rates would be difficult, if not impossible, to interpret from the neural network. A 
neural network can be trained with a set of experimental data by matching specified 
outputs (ventilation rate) with inputs (e. g. internal and external temperature, opening 
size, wind velocity and direction, etc), but the relationship between the inputs and 
Chapter I INTRODUCTION 12 
outputs has no physical meaning. However, a neural network model has been 
generated from the data recorded from this research (Kalogirou et al, 1999). 
This research will investigate the influence of wind in single-sided natural ventilation 
from the measurements on the basis of the recognized flow/pressure drop relationship 
with a view to develop a prediction model for the situation under test and a more 
general methodology of analysis. 
1.2.2 Strategic Objectives 
The strategic objectives of the research are: 
" describe the mechanisms of natural ventilation in more detail and highlight 
research that identifies complexities to the established formulas and methods 
outlined in the natural ventilation design guidance specifications (BS 5925 and 
CIBSE Guides) and review the bias to undertake full scale experiments as opposed 
to alternative modelling techniques (see chapter 2), 
" select the test environment including the opening configuration, characterise the 
test environment with regard to minimising unwanted air infiltration and selecting 
a suitable location for a local weather station through wind tunnel experiments 
(see chapter 3), 
" select the parameters that need to be recorded, highlighting their significance, and 
select the equipment used to carry out the measurements, describe the 
experimental methodology by establishing a suitable data acquisition sampling 
time, length of trial and manipulation of the data into a suitable format for 
analysis, define the information that will be extracted from the recorded 
measurements for analysis (see chapter 4), 
" perform initial experiments to establish the most suitable, and practical, location 
for the sensors recording the data and investigate anticipated sources of error in 
the measurements by characterising the flow pattern in and around the test 
environment and through the openings (see chapter 5), 
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" describe the approach to the analysis and investigate the influence of wind on 
single-sided natural ventilation, from the analysis develop a prediction model and 
validate the model against measurements not used in the model development (see 
chapter 6), 
" draw conclusions from the analysis and the developed prediction model and 
propose future work (see chapter 7). 
CHAPTER 
2 
LITERATURE REVIEW 
Single-sided natural ventilation has been the subject of extensive investigation over 
the last few years and prediction models (for example, AIRNET (Walton, 1988), 
BREEZE (BRE, 1992), COMIS (Feustel, 1990), ESP (Clarke, 1993), NORMA 
(Santamouris, 1994) and PASSPORT-AIR (Dascalaki and Santamouris, 1994)) have 
been proposed. The models tend to treat the ventilation rate as a function of stack and 
wind effect by some additive form. However, in single-sided natural ventilation, it is 
difficult to quantify the air movement mathematically through first principle 
derivations owing to the lack of clear definition of the interaction of wind and stack 
effects. Similarly, on a physical basis, it is hard to perceive the wind driving air into 
and out of openings on the same facade, where that facade is subject to the same wind 
induced surface pressures. 
This chapter addresses the mechanisms of natural ventilation in more detail in order to 
give a clearer picture of the current problems in establishing the nature of single-sided 
natural ventilation and presents an overview of the present models. The review will 
describe different methods of investigation, demonstrate the need to perform the 
14 
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research in this study and identify that experiments on a full-scale test environment 
are the best way to achieve the objectives. 
2.1 MECHANISMS OF NATURAL VENTILATION 
The mechanisms of natural ventilation described, initially, reflect the accepted 
philosophy as laid down in the Chartered Institution of Building Services Engineers 
(CIBSE) Guide Volume A (1997), British Standard BS5925 (1991). These 
fundamentals, based on basic fluid dynamics theory, are subsequently developed to 
introduce further complexities to the processes involved. Firstly, the distinction 
between natural ventilation and air infiltration should be clarified. Both result in air 
movement into and out of buildings due to natural driving forces. However, natural 
ventilation is the intentional airflow through purpose built openings (windows, doors, 
grills, chimneys etc), while air infiltration is unintentional (though not necessarily 
unwanted) airflow through leakage sites (cracks around closed windows and doors, 
etc). 
2.1.1 Overview 
Natural ventilation is the air movement through openings in a building envelope as a 
result of either wind impinging on the building, termed the wind effect, or the 
temperature difference between air inside an outside the building, termed the stack 
effect, or a combination of the two effects. The air movement due to either effect can 
be attributed to a pressure difference. This pressure difference can be quantified for 
each effect individually through first principles but superposition of both effects to 
produce airflow is extremely complex. It has been estimated empirically by a number 
of ways (ASHRAE Fundamental Handbook (1993) De Gids & Pfaff (1992), Walker 
and Wilson (1990)) but not to any satisfaction and is open to debate. 
There are two modes of ventilation associated with natural ventilation; cross-flow 
ventilation, where openings are located on different facades of the building envelope, 
and single-sided ventilation, where one or more openings are located on the same 
facade. More detailed explanations will follow, starting with the relationship between 
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airflow through an opening and the pressure drop driving it. Then the generation of 
the pressure drops for each effect will be discussed separately. Firstly, though, the 
characteristics and nature of wind will be addressed. 
2.1.2 Wind 
When fluid passes over a surface the velocity of the fluid varies with the perpendicular 
distance from that surface. Consequently, the wind speed varies with the height above 
the ground over which the wind is blowing (BS5925,1991), see figure 2.1. 
Figure 2.1: Typical relationship between wind speed 
and height above the ground. 
The velocity profile of the wind (the relation between wind speed and height) differs 
depending on the terrain and local topographical features of the ground. The wind 
speed at any height can be calculated from the following formula for different terrain 
types: 
uz = UMK (2.1) 
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where, uZ = mean wind speed at height z (m/s) 
um = mean wind speed at l Om height in open country (m/s) 
z= height above ground (m) 
K&a= constants 
Constants, K and a, depend on the terrain and are given in table 2.1 which 
is taken from BS5925. 
Terrain K a 
open flat country 0.68 0.17 
country with scattered wind breaks 0.52 0.20 
urban 0.35 0.25 
city 0.21 0.33 
Table 2.1: Factors for determining mean wind speed 
at different heights depending on terrain. 
The mean wind speed at 10m height in open country, um, varies with the geography of 
the land. The Meteorological Office have condensed the UK mean wind speed data to 
account for geography and frequency distribution of mean wind speed at any 
particular location so that a reference wind speed, ur referred to in equation 1.1, can be 
calculated for any site in the UK. The reference wind speed is used to determine the 
pressure distribution on a building envelope due to the wind effect. The reference 
wind speed, ur, generally represents the mean wind speed at the building height. 
Therefore, ut reflects uZ in equation 2.1 where the height z has been taken as the 
building height. 
The wind speed used in equation 2.1 reflects a mean value. The instantaneous wind 
velocity, uW, and the wind direction, Ow, could be written as: 
uW =üW +uw &O =eW +ew (2.2&2.3) 
where the overstrike part is the mean value and the dashed part is the turbulent term 
with zero mean value. The reference wind speed and the pressure generated on a 
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building by the wind at any instant could be similarly written with a time averaged 
part and a fluctuating element. 
2.1.3 Airflow Through Openings 
As in any fluid flow, the movement of air through an opening in natural ventilation is 
driven by the pressure difference across the opening and influenced by the flow 
characteristics or resistances of the opening (Eastop and Watson, 1992; Massey, 
1979). The pressure difference is that generated by the wind and stack effect and the 
flow characteristics are based on the size and shape of the opening and the Reynolds 
number of the airflow. The flow characteristics of the opening are encapsulated in a 
factor known as the discharge coefficient, Cd, such that: 
Q= Cd Auºt (2.4) 
where, Q= volumetric flow rate through opening (m3/s) 
Cd = discharge coefficient 
A= area of opening (m2) 
u,,; t = velocity of air leaving opening (m/s) 
Note in equation 2.4 a distinction is made between where the velocity of air is 
measured. When a fluid is forced through an orifice it converges at the opening and 
then leaves the orifice as a jet. The fluid cannot instantaneously change direction so it 
continues to converge downstream of the orifice. The jet reaches a minimum area, the 
versa contracta, then it diverges, see figure 2.2. 
Consequently, to satisfy conservation of mass the velocity each side of the opening is 
different. The discharge coefficient incorporates the vena contracts effect and 
accounts for the leaving air velocity specified in equation 2.4. The inclusion of the 
vena contracta effect in the discharge coefficient can best be seen from the 
relationship between velocity of a flow and the corresponding pressure drop. This 
entails looking at Bernoulli's equation, one of the fundamental equations in"fluid 
mechanics theory (Massey, 1979). 
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Fluid Flow 
streamlines 
in flow 
Vena Contracta 
Bernoulli's Equation 
Direction of Flow 
NB: minimum area of fluid flow 
Orifice 
(vena contracta) < area of orifice 
Figure 2.2 Location of Vena Contracta in jet of fluid 
passing through an orifice. 
Bernoulli's equation quantifies the components of the pressure in a fluid and applies 
to a frictionless (inviscid) fluid of constant density (incompressible) where the fluid 
flow is steady and holds for each streamline in a fluid. (A streamline is an imaginary 
line in a fluid where at an instant in time the velocity of all particles on the line 
follows a direction tangential to the line. ) Bernoulli's equation represents an ideal 
fluid in an ideal situation. However, it can be used to describe the behaviour of gases 
where the density change is not appreciable; for example, air in natural ventilation. 
Consider Bernoulli's equation in one of its forms: 
i p+2+ 
gz = constant 
P 
where, p= pressure of the fluid (N/m2) 
p= density of the fluid (kg/m3) 
u= velocity of the fluid (m/s) 
g= gravitational acceleration (= 9.80665m/s2) 
z= height of streamline above datum (m) 
(2.5) 
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Bernoulli's equation can be applied to the flow through an opening to develop the 
flow/pressure drop relationship and confirm the inclusion of the vena contracta effect 
in Ca. 
Flow versus Pressure Drop 
Consider a streamline within a horizontal jet emanating from an opening (figure 2.2) 
and apply Bernoulli's equation to the flow each side of the opening and assume 
density is unchanged (subscript 1 and 2 in equation 2.6 reflects a points in the flow 
upstream and downstream respectively): 
u2 uZ p+2+ 
gzl =p+2+ gz2 (2.6) 
where, pi & p2 = pressure each side of opening (N/m2) 
ui & u2 = velocity of fluid each side of opening (m/s) 
zl & z2 = height each side of opening (m) 
p= density of fluid (kg/&) 
The flow is horizontal, so z1 = z2, hence the z terms can be ignored. 
Therefore, equation 2.6 can be rearranged to give: 
u2 _ uz =2(p, - 
Pi) (2.7) 21 P 
To conserve the principle of continuity: 
A, u, = A2u2 (2.8) 
where, A, & A2 =areas of the jet each side of the opening 
Consequently, equation 2.7 can be rewritten for u2 and u, alternately in 
terms of the pressure drop: 
U2 = K2 
2ep 
& u, = K, 
2ep 
2.9 & 2.10) pp) 
where: 
A2 A2 z (2.11) & (2.12) 
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is 2.11 & 2.12 suggest that if A, = A2 then K, & K2 would tend 
However, Bernoulli's equation describes an ideal fluid, whereas, in 
friction losses would be included; i. e. the vena contracta causes Ai 
be greater than A2 and, hence, K, and K2 to be finite positive values. 
object of the derivation is to identify the fundamental relati 
velocity and pressure drop and highlight what effects are 
From equation 2.9 & 2.10 it is evident that the square of the velocity of the flow is 
proportional to the pressure drop creating that flow. If this relationship is inserted into 
equation 2.4 the volumetric flow through an opening becomes: 
Q=CdA 
pP e 
(2.13) 
NB. The density used in equation 2.13 is the density of air at the 
temperature of the fluid at the inlet to the opening. 
The derivation of flow versus pressure drop from Bernouli's equation also shows that 
the discharge coefficient, Cd, in equations 2.4 and 2.13, must incorporate the vena 
contracta effect. In addition, the above analysis has neglected friction so the resulting 
value of Cd will also account for frictional effects. 
Conventionally a value of 0.61 is applied to Cd, which represents the theoretical value 
for a sharp edged orifice. The value for A then becomes the effective area of the 
opening that is determined through tests relating volumetric flow rate to pressure drop. 
Whichever way values are assigned to Cd and A it is important to note that when 
volumetric flow is based on the velocity, as in equation 2.4, the product of CdA will be 
significantly different depending on whether the velocity used is that entering or 
leaving the opening. The difference in K, and K2 in equations 2.9 to 2.12 highlights 
this fact and advocates that if the entering velocity is used the coefficient should be 
termed the entry coefficient. Equation 2.4 could be rewritten in terms of entry 
velocity: 
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Q=C. Au,, ry 
where, Q= volumetric flow rate through opening (m3/s) 
Ce = entry coefficient 
A= area of opening (m2) 
uenfty = velocity of air entering opening (m/s) 
2.1.4 Wind Effect 
(2.14) 
The wind impinging on the building envelope generates a pressure distribution over 
the external surfaces of the building. The pressure distribution creates pressure 
differences across openings in the building envelope and so induces air movement 
through the openings either into or out of the building. The pressure distribution is 
attributed to the wind impinging on the building being brought to rest. 
Although wind impinging on a building is not a steady flow process Bernoulli's 
equation can be used to illustrate the generation of higher pressure regions on a 
windward facade. Assume the wind is horizontal, and hence the streamlines within the 
wind are also horizontal. Along the streamlines there will be no change in the height 
so the z term in Bernoulli's equation (equation 2.5) can be omitted. Bernoulli's 
equation can, subsequently, be rearranged into the form: 
p+2 pu 2= constant (2.15) 
The term, p, represents the static pressure and '/spul represents the dynamic pressure 
of the fluid. From equation 2.15, it is evident that as the velocity, u, at a point is 
brought to zero the static pressure at that point increases from p to p+%p. 
Consequently, as the wind impinging on the building is brought to rest the pressure on 
the facade increases to a value higher than the pressure in the undisturbed air stream, 
due to the conversion of dynamic pressure to static pressure. This explanation may 
appear more detailed than necessary but it will help to illustrate the variance from the 
accredited contribution of wind to the wind effect induced natural ventilation when 
discussed later. 
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Pressure Distribution 
Obviously not all facades of a building subject to a wind are windward facades and 
experience relatively higher surface pressures. As with an aeroplane wing section in 
an air stream where different pressures are created above and below the wing, a 
building with wind flowing over and around it experiences different pressures on the 
different facades. In general terms the surface pressure on the windward facades is 
higher than in the undisturbed air stream, lower on the leeward facades and both lower 
and higher than the undisturbed air stream on the roof due to the separation and 
reattachment of the air stream flowing over the roof. (The leeward facade is in the 
wake region of the air stream flowing around the building generated by the separation 
of the air at the windward corners of the building. ) The magnitude of the pressures 
generated are dictated by a number of conditions: 
i) the magnitude of the wind velocity and its direction local to the building, 
ii) geometry of the building in question, 
iii) proximity, orientation and height of surrounding buildings and obstructions. 
The pressure distribution over the external envelope of a building not only varies from 
facade to facade but also varies from point to point within one facade depending on 
the location on that facade and the proximity to openings. In addition, the turbulence 
of the incident wind causes the pressure at each point on the surface to vary with time 
(ASHRAE Fundamentals (1993), Chapter 14 and 23; CIBSE Guide, Section A4, 
1997). Therefore, not only does the surface pressure on the facade vary from point to 
point, but also continually changes with time. In order to simplify the determination of 
surface pressures over the envelope of the building for design purposes a 
dimensionless pressure coefficient, Cp, is introduced. 
Pressure Coefficient, Cp 
Cp can be defined as the ratio of the dynamic pressure at the facade surface if the 
impinging air was not brought to rest to the dynamic pressure in the undisturbed flow 
pattern measured at a reference height. Therefore, from the rearranged Bernoulli 
equation (equation 2.15) the dynamic pressure of the impinging wind can be written 
as: 
4, 
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i 2 Put = P$ - Pa 
and, the dimensionless pressure coefficient becomes: 
P$-PO Cp = OSPui 
where, ps = static pressure on facade surface (N/ml) 
po = static pressure in free wind (N/mz) 
p= density of the air at outside temperature (kg/m') 
ur = reference wind velocity (m/s) 
(2.16) 
(2.17) 
The reference wind velocity is conventionally taken as the velocity in the 
undisturbed air stream at the height of the building in question. 
Due to the turbulent nature of the wind the surface pressure and pressure coefficient in 
, equation 2.17 are, strictly speaking, instantaneous values but the equation can be 
rewritten with time-averaged values: 
P: = Po + Cp (OSPu, ) (2.18) 
Equation 2.18 relates the time-averaged surface pressure at one point on the building 
facade to the wind velocity for a given wind direction through the time-averaged value 
of Cp. It is generally accepted that the flow pattern around a building is only wind 
direction dependent and not wind velocity dependent; i. e. for a given wind direction 
the flow pattern is unaffected by the magnitude of the wind velocity. Therefore, 
knowing C, for a particular wind direction enables the surface pressure at a particular 
location to be calculated for any wind velocity in that direction. Hence, defining 
C, means that only one piece of data is required for each point on a building facade 
for each wind direction instead of an infinite number of pressures corresponding to an 
infinite number of incident wind velocities. Often, for simplicity, facade averaged 
values of the pressure coefficients are used in calculations. 
The term Cp in general use reflects the time-averaged term, Cr . This is because the 
methods by which it can be established automatically returns the time averaged value 
rather than instantaneous values. Therefore, future reference to the time-averaged 
value will be denoted by Cp. 
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Establishing Pressure Coefficient (Cp) Distribution for a Building 
The pressure coefficient Cp is empirical by nature and situation specific. Considering 
the conditions that affect the surface pressure it follows that the pressure coefficient is 
also dependent on the geometry of the building in question and proximity, orientation 
and height of surrounding buildings or obstruction; i. e. situation specific. 
Consequently, pressure coefficient distributions for buildings must be determined 
through trials for each situation. Primarily this has been achieved through scale 
models in wind tunnel tests. A limited, but ever increasing, amount of data is available 
and British Standard CP3 contains facade-averaged data for simple shape buildings in 
open locations. In addition to wind tunnel tests some numerical methods have been 
investigated to establish pressure coefficients. Cp reference data has been developed 
from tests performed in the Wind Tunnel Laboratory of the Hungarian Institute of 
Building Science and used by Bala'zs (1987) in a software package called CPBANK. 
Swami and Chandra (1987) have collated data from eight different investigators for 
low-rise buildings and Akins and Cermak (1976) have generated data for high-rise 
buildings performing tests in an industrial aerodynamic wind tunnel for 15 different 
block shaped models. Hussein and Lee (1980) and Bowen (1976) have also developed 
data from wind tunnel tests. 
Grosso (1992) performed an extensive study on wind pressure data collected from a 
number of sources and developed a calculation model Cp based on various parameters 
which were considered to influence the pressure distribution. The degree of accuracy 
of the model was deemed proportional to the available data for the regression analysis 
upon which the model was based. Grosso's model was developed as a module for 
COMIS multi-zone airflow model (Feustel et al, 1990). Computational fluid dynamics 
(CFD) has also been used to predict pressure fields around the building envelope; 
Haggkvist et al (1989), Baskaran et al (1989), Stathopoulis & Zhou (1995), Mikkelsen 
& Livesey (1995) and Kato et al (1992). In some cases there was a slight 
overestimation of Cp, in other cases an underestimation, but generally the trend of 
pressure distribution predicted was consistent with test data. However, on the 
downstream side of the building or over the roof in the wake region where separation 
and reattachment of the airflow exists the predicted values did not always follow the 
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trends or was comparable to test data. CFD has difficulty modelling this transition 
region of the fluid and so cannot accurately model the flow pattern in the wake of the 
building. 
2.1.5 Stack Effect 
The pressure difference that causes air movement through an opening as a result of the 
stack effect is due to the difference in temperature of the air each side of the opening. 
The absolute temperature of air is roughly proportional to the inverse of its density, so 
it follows that the same volume of air at different temperatures will have different 
weights. It is the difference in weights of air at different temperatures each side of a 
bulkhead that creates a pressure difference across any opening in the bulkhead. 
Consequently, the pressure difference that can be generated across a building facade 
due to two columns of air, of height h, at a temperature corresponding to the inside 
and outside air temperature can be written as: 
AP = (P. - p1)gh (2.19) 
where, pe & p; = density of outside and inside air (kg/&) 
g= gravitational acceleration (m/s2) 
h= height of column of air (m) 
If air is treated as a perfect gas then density becomes inversely 
proportional to temperature and: 
P. TT =P; Ti or pi =PC 
T 
Ti 
where, T. & T; = outside and inside temperatures (K) 
Therefore, equation 2.19 becomes: 
oP=a. gh(T 
) 
(2.20) & (2.21) 
(2.22) 
Where AT = T; - T.; Le. the pressure drop is positive producing airflow 
from outside to inside when the internal temperature is higher than the 
external temperature. 
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CIBSE Guide Section A4 provides a relationship for the pressure 
dit]crence purely on the basis of the height of the columns of air and their 
temperature by not treating air as a perfect gas but using the psychrometric 
relationship between density and temperature: 
Ap =3462h 
I- 
(2.23) 
("I, + 273) (T, + 273) 
Air is not a perfect gas, so, equation 2.23 should be more accurate. 
However, the constant 3462 represents a simplification by setting 
atmospheric pressure and moisture content of air to fixed values. Consider, 
its derivation; density relates to temperature as fellows: 
1';,, - p, (2.24) p 287.1(' + 273) 
where, P,,, = atmospheric pressure (N/m2) 
pv = vapour pressure (N/m2) 
But: 
.. (2.25) ý` 0.622+m, 
where, m, = moisture content of air (kg/kg of dry air) 
Assuming moisture content of inside and outside air is the same and 
combining equation 2.24 and 2.25, equation 2.19 can be rewritten as: 
np_gh fal _m, --- 
Iý 
(2.26) 
13 
287.1 0.622 +m, IC+ 273 1, + 273 
Taking g=9.81 m/s-, N,,, as standard pressure (1.01325x10'N/m2) and 
approximating the function in curved bracket to unity, equation 2.26 
becomes equation 2.23. 
Treating air as a perfect gas requires the gas constant to he constant 
whereas in reality it varies with pressure. H owever, Ih r the small 
variations of pressure seen in natural ventilation the gas constant of air is 
indeed a constant value. I fence, the error in equation 2.22 introduced by 
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treating air as a perfect gas will be negligible. Equation 2.23 does not treat 
air as a perfect gas but uses a simplification in the expression whereby 
atmospheric pressure is always taken as 1013.25mbar and moisture 
content of the air as 0kg/kg of dry air. In practice the atmospheric pressure 
could reasonably be expected to vary between 980 and 1030mbar and the 
external temperatures experienced in the UK climate moisture content 
could vary between 0.001 and O. OI kg/kg of dry air. Consequently, the 
simplification used to develop equation 2.23 makes it a less robust model 
than equation 2.22 as the treatment of air as a perfect gas has negligible 
affect with the pressure variations involved in natural ventilation. 
Equation 2.22 (and equation 2.23) represents a positive pressure difference (airflow 
from outside to inside) when the internal temperature is higher than the external 
temperature. 
Neutral Pressure Level 
Owing to the principle of conservation of mass any air flowing into the building must 
be matched by air flowing out of the building. The tendency of air movement due to 
stack effect is vertical so there must be a flow path within a building between the 
lower and upper openings for this to occur. However, inward and outward flow can 
occur simultaneously through one opening; for example, through an open doorway. 
To satisfy conservation of mass the air will flow in at the lower openings and out at 
the upper openings when the inside air temperature is higher than outside (vice versa 
when the outside temperature is higher). As pressure drives the flow of air, so, the 
pressure gradient, across the openings, from outside to in must change from positive at 
the lower openings to negative at the upper openings. The variation of stack pressure 
difference with height is both linear and continuous, therefore, at some level or height 
the external and internal pressures across the building facade must equate; i. e. at this 
height the pressure difference is zero and, consequently, no flow occurs inward or out. 
The height at which no flow exists across the building envelope is known as the 
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neutral pressure level (NPL) (ASHRAE Fundamentals (1993), Chapter 23; CIBSE 
Design and Application Guide, 1994). 
To summarize, for a building only subject to stack effect induced natural ventilation, 
and where the internal temperature is higher than outside; 
" air flows out of the building above the NPL, 
" air flows into the building below the NPL, 
" the mass of outflow equates to the mass of inflow due conservation of mass. 
Depending on the distribution of the openings the height of the NPL can subsequently 
be determined. 
Consider an airtight building with two openings, one at the top and one at the bottoni. 
Conservation of mass for the flow through lower and upper openings gives: 
PeQ, = PiQu (2.27) 
where, subscripts e&i refer to external and internal conditions 
subscripts 1&u refer to lower and upper openings 
The volumetric flow through an opening is described by Q= CdAue. it in 
equation 2.4, therefore, equation 2.27 can be written as: 
(2.28) P, Ca, Alul = PiCdUAu. 
or: 
PeCaiAl 
P 
20pß 
= PiCauA UP 
2lýpo 
(2.29) a, 
where, Apt & Op = pressure drops across lower and upper openings 
due to the stack effect. 
The stack pressure difference in equation 2.22 can be rewritten as a 
function of height: 
1P k(h) = Peg(hopi - h) 
T 
(2.30) T, 
where, hp1= height of NPL above reference height (m) 
h= height above reference height (m) 
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The reference height will be taken as the centre of the lower opening and 
the distance between centres of both openings will be denoted as H. 
Letting h=0 in equation 2.30 the pressure drop at the lower opening 
becomes: 
OP1 = p. ghnpl 
AT 
T (2.31) i 
and, letting h=H the pressure drop at the upper opening becomes: 
LPu = Pe8(H - h. g) 
AT 
(2.32) Ti 
Note in equation 2.29 the modulus of the pressure drop is required; only 
the magnitude is important not the sign. Therefore, equation 2.32 has been 
arranged such that it returns a positive value. 
Inserting equation 2.31 & 2.32 into equation 2.29 gives: 
12P. 
ghAp, 
AT 
P, g(H - hnpl) Ti 
PeCaiAi 
P 
Ti 
i=P; Cau-u 
Pi 
(2.33) 
a 
this can be reduced to: 
PC . Cdl 1 hný = P. CduAü(H - hný) (2.34) 
and rearranged for hpi: 
PiCäoAüH hný (2.35) 
Pe' d1Ai ý' P1ý'äuA2 
Equation 2.35 can be rearranged further to give: 
hnp, H=2Z2.36 
+P 
Cap A 
Pý Ca- Au 
Treating the air as a perfect gas, such that peTe = p; T;, the height of the 
NPL can be written in terms of temperature: 
h"P1 =H22 (2.37) 
1+ 
Tt Cai Al 
Te Cdu Au 
30 
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An airtight building was specified for this derivation so air infiltration leakage sites 
can be ignored. In reality the leakage sites will alter the height of NPL through the 
additional opening areas above and below the NPL. 
2.1.6 Modes of Ventilation 
There are two modes of ventilation - cross-flow and single-sided; this research 
concentrates on single-sided natural ventilation. Single-sided ventilation occurs in a 
building where one or more openings are located on one facade only. The physical 
movement of air in single-sided ventilation is difficult to perceive, particularly as a 
result of wind pressure. Consequently, there is difficulty in ascribing the derived 
equations for the effects to the resulting airflow. Stack effect is easier to comprehend 
and, indeed, airflow can be visualized by viewing smoke movement at an open 
doorway; the smoke drifts inward through the lower part of the opening and outward 
at the upper part (when the inside temperature is higher than outside). Yet, even 
accounting for different surface pressures, or variations of Cp, across a facade at any 
instant, which will generate local movement or fluctuations of air across the building 
boundary, it is difficult to perceive how a natural ventilation rate can be established 
through openings on the same facade that are both experiencing the same impinging 
wind. Wind gusts may generate air movement in and out through an opening by virtue 
of the relatively large changes in pressure but this can not be constituted as a 
ventilation rate, no air exchange occurs between inside and outside, Hill and Kusada 
(1975) and Cockroft and Robertson (1976). The concept of a ventilation rate in this 
context is taken as continuous movement air in through one part of the facade and out 
through another part of the same facade. The difficulty of assigning the physical 
mechanism involved to the air movement is borne out in formula specified in BS5925 
(1991) and the CIBSE Guide for single-sided ventilation rates. 
Quantifying Single-sided Ventilation 
BS5925 (1991) and CIBSE Guide Section A4 use formula derived at Building 
Research Establishment (BRE), 1982. 
The ventilation rate due to is given by: 
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Qwind = 0.025Aur 
where, A= total opening area (m2) 
(2.38) 
of = reference wind velocity measured at building height (m/s) 
The ventilation rate due to temperature difference for two openings is 
given by: 
QsWr =CdA 
Eý 
2 
gHAT (2.39) 
ýl+s) l+s T 
where, 
A=A, +A,,; c= 
Au 
,T 
Ti 
2 
and, H is the height between the centre of gravity of the two openings. 
Note, the basis of the stack effect ventilation rate in equation 2.39 is identifiable with 
the first principles (compare to equation 2.13), but the wind effect induced ventilation 
rate in equation 2.38 is very simplistic and has no reference to the surface pressure of 
the facade or Cp. 
2.1.7 Combined Wind and Stack Effect 
The combination of wind and stack effects is a complex issue and different for each 
mode of ventilation. Various parties have proposed combination methods and are 
detailed in sub-section 2.2.3. As a first approximation for both modes, BS5925 (1991) 
and CIBSE Guide Section A4 recommends calculating the ventilation rates for each 
effect individually and then taking the larger value as the overall ventilation rate. 
2.1.8 Conclusions regarding Single-sided Natural Ventilation 
The mechanisms for natural ventilation described, fundamentally reflect that 
documented in BS5925 and the CIBSE Guide Section A4. The limitations for single- 
sided natural ventilation are evident; the influence of wind is not clear (the derived Cp 
to simplify wind pressures is ignored in the formula for wind effect) and the combined 
influence of wind and stack effects is treated simplistically. 
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In conclusion the mechanisms of single-sided natural ventilation in the British 
Standard and CIBSE Guide appear to be over-simplified. However, other aspects of 
single-sided natural ventilation have been investigated which emphasizes the 
complexities of the mechanisms involved. 
2.2 FACTORS DEPARTING FROM THE STANDARDISED 
RELATIONSHIP APPROACHES 
The fundamental simplification of the mechanisms of single-sided natural ventilation 
described in BS5925 and CIBSE is due to the treatment of wind as constant velocity 
and air as incompressible. Even recent, and extensive, prediction network models such 
as AIRNET (Walton, 1988), BREEZE (BRE, 1992), COMIS (Feustel, 1990), ESP 
(Clarke, 1993), NORMA (Santamouris, 1994) and PASSPORT-AIR (Dascalaki and 
Santamouris, 1994) all treat wind as steady. Apart from the influence of the turbulent 
effects of the wind there are two other areas that are considered significant additions 
or departures to the standardised relationship approaches for single-sided natural 
ventilation mechanisms; all three areas are listed below: 
i) turbulence of the wind, 
ii) momentum flow of the wind, 
iii) combination of wind and stack effects. 
2.2.1 Wind Turbulence 
Models for natural ventilation simplify the processes involved by neglecting the effect 
of turbulence in the wind and assume that the air is incompressible. In reality the wind 
is turbulent, causing continuous fluctuations in the surface pressure generated on 
building facades, and the air is compressible. The turbulence is due to gusts in the 
wind and the interaction between the wind, surrounding obstructions and the building 
in question, resulting in a random flow pattern and eddy generation. The methods for 
establishing the dimensionless pressure coefficient, CP, always returns a time averaged 
value, so using Cp ignores turbulence effects. Consequently, when the resulting mean 
pressure difference across an opening is small the predicted ventilation rate is small. 
However, fluctuations in pressure due to wind turbulence can be large enough even to 
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change the direction of flow through the opening and create higher air change rates 
than that predicted from the mean pressure coefficient. BS5925 briefly refers to 
pressure fluctuations, but only for cross-flow ventilation, and simply proposes a set 
value for ACp to be used in the appropriate formula. 
The inclusion of wind turbulence is important; several experimental studies have 
shown wind turbulence is significant in single-sided natural ventilation (Dascalaki et 
al, 1995). Haghighat et al (1991) highlights that turbulence effects have been 
recognized since the start of natural ventilation studies, yet few have attempted to 
model fluctuating airflow rates. Probably, as Allard and Utsumi (1992) suggests, this 
is due to turbulence effects being impossible to describe because of a very high 
number of parameters influencing the airflow. For example, the degree of turbulence, 
the size of eddies, the size and shape of openings their location on the facade, the 
angle of incident wind, internal restrictions, magnitude of internal/external 
temperature difference and so on. 
Haghighat states that ventilation due to turbulence in the wind can be divided into two 
categories; pulsation flow creating a bulk movement of air due to the fluctuating 
pressure difference across the opening and eddy flow due to the penetration of eddies 
across the opening. Crommelin and Vrins have performed wind tunnel tests on scale 
models and have been reported on by both Allard and Utsumi (1992) and Farbringer 
and van der Maas (1995). They found turbulence caused simultaneous positive and 
negative pressure fluctuations of the inside air and that eddies of similar size to the 
openings gave a maximum fluctuating effect on the inflow and outflow creating a 
rotational effect on the inside air. 
It is apparent that in order to consider turbulence in single-sided natural ventilation the 
air must be treated as compressible; Cockcroft and Robertson (1976) described the 
effect of turbulence as adiabatic compression and expansion of the inside air. A 
fluctuating airflow into and out of a building would not necessarily constitute 
satisfactory ventilation of the space. Cockcroft and Robertson recognized from scale 
model trials that only part of the fluctuating airflow mixed with the air in the 
enclosure. Ftlrbringer and van der Maas concurred through observations on a water 
scale model concluding that penetration and mixing of the fluctuating flow with the 
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volume in the enclosure was dependent on the aperture size and thickness and the 
difference in density of fluids. The greater the temperature difference between air 
inside and outside the enclosure improves the mixing; i. e. cold incoming air falls and 
is replaced by rising warmer out-flowing air. 
Various models have been proposed to reflect turbulent effects; all with limited 
applicability due to the complex nature of the processes involved. De Gids and Phaff 
(1992) proposed an empirical model incorporating a constant turbulence term. 
Cockcroft and Robertson developed algorithms to model pulsation flow for wind 
incident angle from normal to 60° using equations for wind velocity with a mean and 
fluctuation term (as in equation 2.2). They assumed free airstream wind velocity and 
resulting ventilation rate could be described by Gaussian probability distributions. 
Etheridge (1984) also assumed that a Gaussian distribution could describe the 
turbulent pressure with respect to time. Haghighat et al based their model on the fact 
that the randomness of turbulent pressure generated by the wind is composed of an 
infinite series of sine waves at different frequency. Therefore, the wind could be 
represented by a power spectrum function. 
2.2.2 Momentum Flow of Wind 
Descriptions of natural ventilation mechanisms quantify the effect of the wind by 
assuming that the wind is brought to rest as it impinges on a building. A pressure 
distribution is generated on the building envelope from which the ventilation rates can 
be estimated knowing the internal pressure. Considering wind effect alone, the 
calculation of air movement solely on the difference between external surface pressure 
and internal pressure will not necessarily result in an accurate ventilation rate. 
A correct flow rate could be feasible if, with no loss of energy, all of the wind's 
kinetic energy was converted to static pressure as the wind impinges on the building. 
This would occur at a solid facade but in this situation there is obviously no flow path 
in and out through the facade. This also would be a reasonable assumption for leakage 
sites where the majority of the wind's kinetic energy is indeed converted to static 
pressure. However, for openings, particularly more critical as the opening size 
increases, only part of the wind's kinetic energy converts to static pressure at the 
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facade; i. e. the wind is slowed but not brought to rest. The resulting air movement 
through the opening is induced by a combination of the static pressure difference and 
the momentum of the incoming wind. It is obvious that the size of the opening, the 
temperature of the internal air (or its compressibility), the direction of the wind are 
some parameters that affects the proportion of flow due to either momentum or 
pressure difference. These variables and the fact that some energy is degraded to heat 
during the energy conversion, as the wind is slowed by the building, makes the 
combination of static pressure and momentum flow resulting from the wind extremely 
complex. One example of momentum flow, already referred, is from eddy penetration 
associated with the turbulence of the wind. 
Ernest et al (1992) considered momentum flow while performing wind tunnel tests to 
obtain wind induced pressure distributions on different shaped building models and 
recorded the associated internal air velocities, albeit for cross-flow ventilation rather 
than single-sided. The pressures were measured from a sealed model whereas the 
velocities were taken from an open model of the same dimensions. Ernest queried this 
strategy with regard to the effect of momentum flow. However, other studies 
(Aynsley, 1988 and Vickery and Karakatsanis, 1987) concluded that pressure 
measurements on a sealed model rather than one with openings resulted in errors of 
<10% for predicted internal flow rates, particularly for buildings with a wall porosity 
(percentage opening area) <25% and wind incident angles below 45°. 
Kato et al (1992) identified the significance of momentum flow when look at air 
movement inside a building using CFD and the inadequacy of predicting airflow, 
again, albeit, for cross-flow natural ventilation, simply by taking static pressures at the 
inlets and outlets. Kato had 5 different models with the same external dimensions 
subject to the same prevailing conditions but different internal airflows due to 
blockages within the building. Static pressure difference between inlet and outlet 
using OCp suggests that a larger zCp gives a larger airflow. This did not occur in 
Kato's results where the static pressure levels on windward and leeward sides of the 
building were the same for the 5 different tests but the airflow and static pressure 
within the building varied considerably. The CFD predicted outcome was supported 
by wind tunnel tests. The reason for the difference was due to momentum flow. If 
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airflow in the building is high its kinetic energy is high and the requirement to convert 
static pressure to dynamic pressure at the outlet, to re-entrain with the wind, is small. 
However, if the air in the building has lost most of its kinetic energy the requirement 
to convert static to dynamic pressure at the outlet is large. The process involves 
conversion of dynamic pressure (kinetic energy) to static pressure at the inlet and the 
reverse at the outlet as the air at the outlet has to re-entrain with the wind. Although 
the surface pressures were the same in each test, the variance in the internal flows and 
static pressure, was due to the different degrees of conversion of dynamic to static 
pressure, and back again, determined by the resistance to the airflow path; i. e. the 
proportion of the internal airflow due to momentum flow of the wind. 
Although both cases highlighting momentum flow considered above reflects cross- 
flow natural ventilation its influence and significance can not be ignored out of hand 
for single-sided mode, particularly as it is closely linked with turbulent effects of the 
wind. The argument could be made that considering momentum flow is irrelevant, as 
the total pressure of an airstream will be the same whether it is made up of static 
pressure alone (wind brought to rest) or made up of static pressure and dynamic 
pressure (wind slowed down plus momentum flow). Ideally this is the case but energy 
losses are involved when the air is brought to rest then converted back to a velocity as 
it passes through the opening; a situation which does not occur with momentum flow. 
Ernest et al (1992) reported on Poreh's et al (1982) confirmation of this occurrence 
through wind tunnel trials. Poreh found that the total pressure at an open inlet was 
slightly less than the pressure measured on a sealed model at the same location. 
Consideration of momentum flow supports the conclusion that the explained and 
quantified mechanisms of natural ventilation, influenced by the wind, are an extreme 
simplification of the actual processes involved. 
2.2.3 Combination of Wind and Stack Effects 
ASHRAE Handbook (1993), Fundamentals, chapter 23, advocates that when a 
combination of wind and stack effects is sought their induced flow rates are 
commonly combined by quadrature addition of the flow rates determined for each 
effect separately, equation 2.40: 
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stat, W Q= (Qmd + Qck)y (2.40) 
where, Qto, = total flow rate 
Q,,,;,, d = flow rate due to wind effect 
Q., k = flow rate due to stack effect 
This method is effectively addition of the pressure differences generated by the two 
effects. Equation 2.13 shows flow rate is proportional to the square root of the 
pressure drop, such that equation 2.40 can be rewritten: 
A'to'a' = 
((Jwind)2 
+( '' k 
)2) (2.41) 
or, 
APB = APwmd + OPstwk (2.42) 
where, OPtota1= total pressure drop 
APWU d= pressure drop due to wind effect 
OP k= pressure drop due to stack effect 
Walker and Wilson (1991) states that the resulting internal pressure in a building 
subject to wind or stack effect sets the pressure difference across the building 
envelope to balance the inflow and outflow of air to conserve continuity of mass. The 
internal pressure can be different for each effect and simple addition of pressure 
difference becomes inadequate. There can only be a single internal pressure resulting 
from a combination of the effects so the problem has to be solved iteratively. 
Consequently, the addition is simplified by taking the quadrature addition of the 
individual flow rates, equation 2.40. 
De Gids and Phaff (1992) proposed an empirical model to combine wind and stack 
effects, for a single opening, which effectively used quadrature addition of flow rates 
plus a turbulence term, equation 2.43: 
Qmm, = 0.5Ac C, uý + C2HL T+ C3 (2.43) 
where, Atff = effective opening area (m2) 
ur = wind velocity at reference height (m/s) 
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H= vertical size of opening (m) 
AT = temperature difference (K) 
C1 = dimensionless coefficient depending on wind effect 
C2 = buoyancy constant 
C3 = turbulence constant 
Constants C1, C2 and C3 were advocated by De Gids and Pfaff who 
ascribed values to the constants by comparison of measured and calculated 
data: C, = 0.001, C2 = 0.0035, C3 = 0.01. C, represents a constant 
multiplier for the wind effect driving force, C2 for the stack effect driving 
force and C3 was a constant ascribed to account for a turbulence in the 
wind. 
The flow rate for wind effect is proportional to the wind velocity and for stack effect 
is proportional to the square root of the temperature difference. Therefore, equation 
2.43 can be rewritten with constant C1, and Cep in terms of flow rates due to wind and 
stack effect: 
Qtotal = O3A C1pQwind + C2pQstack + C3 (2.44) 
Equation 2.44 reflects the basis of quadrature addition of flow rates. 
Network prediction models such as AIRNET, BREEZE, COMIS, ESP, NORMA and 
PASSPORT-AIR, mentioned at the start of the section, combine wind and stack effect 
on the basis of mass balance between zones and effectively add the individual 
pressure differences. 
Walker & Wilson performed an evaluation of different superposition models by 
comparison with measurements taken from constant concentration tracer gas injection 
trials. The models evaluated were the flow rate quadrature addition method (equation 
2.40) and a variant of the quadrature method used by Shaw (1985) and Wilson and 
Pittman (1983) and denoted the n model. The n model uses a variable power n such 
that when n= %2 the n model becomes the quadrature model: 
Qtotal = 
(Ql/wind 
+ Qmck) (2.45) 
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Studies have shown that the quadrature superposition over-predicts the total flow rate 
when wind and stack induced flow rates are similar. Therefore, Walker and Wilson 
(1990), in the Alberta Infiltration Model (AIM-2) used a variant of the n model by 
introducing a term which reduces the over-prediction, equation 2.46: 
Q1= (Q' d +Q' k 
+BI(QwindQmck)'12n) 
n 
(2.46) 
The fourth model simply added the flows linearly, equation 2.47: 
Qt«W = QWma +Qk (2.47) 
Walker and Wilson analysed a significant amount of measured data. Flows at low 
wind speeds were considered to determine the effect of stack effect alone. The data 
was statistically manipulated to remove the wind effect and determine flow purely due 
to stack effect at varying internal/external temperature differences. A similar analysis 
was performed on data with small temperature differences to establish flow purely due 
to wind effect at varying wind speeds. Measured flow rates were compared to the total 
flow rates calculated by the different superposition techniques. The findings 
confirmed that linear addition of flows (equation 2.47) is inaccurate; giving up to 35% 
error. The other three methods, all of which were more physically representative of 
the mechanisms, produced a maximum error of 10%. They concluded that none of the 
models were particularly accurate but pressure addition was advocated as being the 
most simple approach to estimate the combined wind and stack effect. 
2.3 CONCLUSION REGARDING SINGLE-SIDED NATURAL 
VENTILATION MECHANISMS 
The mechanisms of natural ventilation are laid down in BS5925 (1991) and are 
comparable with CIBSE Design Guides (1997) and ASHRAE Fundamentals 
Handbook (1993). The calculation of ventilation rate has limited applicability and they 
treat wind as steady and air as incompressible. Network prediction models also treat 
the wind as steady and so the turbulent effects of the wind are neglected. Turbulence 
has been shown to have significant impact on single-sided natural ventilation so the 
calculation methods are inadequate for single-sided mode. Various models have been 
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produced to account for turbulence in single-sided mode, yet they, again, all have 
limited applicability. 
The accepted mechanisms for stack effect have physical credibility and are 
comparable for both cross-flow and single-sided modes; however, this is not the case 
for wind effect. The impact of the wind is considerably different for the two modes; 
the quoted mechanisms can be perceived to have physical meaning for cross-flow but 
not for single-sided ventilation. In cases of single-sided natural ventilation where the 
wind is not very turbulent (i. e. a building in open terrain) the influx of air into and out 
of the same side of the building, either through generated wind pressures or 
momentum flow is not realistically conceivable, although wind is assumed to have 
some impact on the natural ventilation rates. In sheltered locations where the wind is 
turbulent due to interaction with surrounding obstructions the impact of wind can be 
appreciated through pulsation flow, accepting expansion and compression of air in the 
building occurs, and through penetration of eddies. In general more research has been 
performed on cross-flow than single-sided natural ventilation. When single-sided has 
been investigated wind and stack effects have assumed to be additive by some manner 
rather than considering wind to possibly only having some superficial impact on the 
stack effect which is responsible for the bulk of air movement. 
In short single-sided natural ventilation is not well catered for, the mechanisms are 
treated simplistically which have little bearing on reality. Owing to the extensive 
variability of situations (building locations and weather conditions) it is inevitable that 
models will not be general but be situation specific. 
ROOMVENT is the principal international conference in the field of air distribution 
surveying latest techniques for analysing indoor airflow and evaluating ventilation 
effectiveness. The inaugural conference was held in Stockholm in 1987 and the 
seventh and latest in the United Kingdom in 2000. Forced and natural ventilation 
regimes have been addressed in the conferences including in a minor part single-sided 
natural ventilation. Overall, the lack of research in natural ventilation has been 
recognized and recent studies have been carried out. One such study is the NatVentTM 
project. 
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2.3.1 Future Guidelines for Natural Ventilation 
The European Commission NatVentTM Project presented at BRE, Garston, Watford, 
UK in June 1998 is a seven nation pan-European project studying ways of 
"overcoming technical barriers to low energy natural ventilation in office- 
type buildings in moderate and cold climates': 
The project is part funded by the European Commission in the framework of the 
JOULE Non-Nuclear Energy Programme (1994-1998) and some of the output from 
the project is in the public domain. 
NatVentTM comprised of three work packages: 
i) to identify perceived barriers to natural ventilation through interviews and 
questionnaires, 
ii) to evaluate performance of existing buildings designed and constructed 
specifically as energy-efficient naturally ventilated buildings, 
iii) to develop `smart' naturally ventilated technology systems and component 
solutions to overcome the barriers identified in the first two packages (this 
package was split into five further areas). 
The significant outcome for natural ventilation overall was the production of 
guidelines for integrated natural ventilation design. However, their focus appears to be 
an aid to designers as an initial design tool to identify if, within the proposed 
constraints dictated by IAQ control, pollutant control, noise control etc, natural 
ventilation is a feasible option for a buildings ventilation philosophy. Single-sided 
natural ventilation has been investigated within NatVentTM with regard to performance 
evaluation of existing buildings but to a lesser extent than cross-flow as it is a less 
common situation. 
The calculation methods for predicting ventilation rates in the simulation tool 
developed follows CIBSE methods. Consequently, the project has not further 
developed mechanism governing single-sided natural ventilation. 
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2.4 EXPERIMENTAL METHODS AVAILABLE 
There are various methods by which natural ventilation can be investigated; salt bath 
models, wind tunnel trials on scale models, computational fluid dynamics (CFD) 
modelling and measurements on full scale buildings. 
2.4.1 Salt Bath 
Salt bath models have been used for studying air movement in enclosures at 
Cambridge University (Cooper and Linden, 1996; Hunt and Linden, 1996). They 
employ the principle that water of different salinity has different density and so can 
represent air at different temperatures. The model consists of a perspex box to 
represent a room with holes in the box sides to reflect the openings. The model is 
placed in a tank of fresh water where a pump is used to generate a flow of water 
around the tank and through the model. Salt solution added to the enclosure would 
cause the water in the `room' to be of greater density and hence represent a internal 
temperature cooler than the outside environment. The larger volume of fresh water 
contained in the tank ensures that the density (hence `temperature') of the outside 
environment remains essentially stable throughout the experiment. The flow of water 
can be visualised with dyes. To cater for the more common situation where internal 
temperature is warmer than outside, the flow is visualised by inverting vertically. Spot 
cooling can be simulated by injecting salt solution from the top of the model; the 
falling salt solution representing the cooler falling air. If viewed upside down the 
injected salt solution would represent a heat source. Experiments have been performed 
to provide corrective factors for time viscosity and density to ensure similarity 
between models and real buildings so quantitative results can be extracted from the 
model to reflect full-scale events. 
The research using salt baths has generally concentrated on cross flow ventilation. 
Hunt and Linden (1996) looked at the combined effects of buoyancy and wind in 
cross-flow natural ventilation mode, investigating the flow when the two effects 
reinforced each other and when they opposed each other. Cooper and Linden (1996) 
investigated cross-flow ventilation and the stratification of the fluid in an enclosure 
induced by two sources of buoyancy; either two positive sources of buoyancy (two 
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heat sources) or one positive and one negative source of buoyancy (a heat source and 
a spot cooler). 
The disadvantage of salt bath models with regard to studying single-sided natural 
ventilation is the simulation of wind. The `wind' provided is a steady flow and each 
experiment reflects wind impinging from only one direction. It would be difficult to 
simulate the randomly changing turbulent wind, which could have an impact on 
single-sided natural ventilation. 
2.4.2 Wind Tunnel Models 
Wind tunnel trials on scale models have been widely used to investigate wind patterns 
around buildings, to determine dimensionless wind pressure coefficients, Cp, on 
building facades and for measurement of internal air velocities within a building. The 
primary method establishing Cp has been through wind tunnel trials. 
Grosso (1992) developed a calculation model for Cp through data obtained from wind 
tunnel measurements. Similarly, numerous studies have used wind tunnels trials, not 
only to establish Cp on a specific building, but for the investigation of internal air 
motion and comparison with full-scale measurements; Cermak et al (1984), Perera et 
al (1988), Choiniere et al (1992), Dutt et all (1992), Ernest et al (1992), Grosso 
(1992), Katayama et al (1992), Tsutsumi et al (1992), Perera et al (1993) and Shrestha 
et al (1993). Cermak et al considered the similarity requirements of a scale model in a 
wind tunnel to evaluate its effectiveness of predicting natural ventilation at full scale. 
They concluded that if similarity rules are followed the wind tunnel trials can give a 
good indication of the effectiveness of natural ventilation in various building 
configurations. Katayama et al and Dutt et al confirm that wind tunnel trials can 
simulate full-scale wind-induced natural ventilation in cross-flow mode. Perera et all 
(1988) used wind tunnel established Cps of a court-room along with a computer 
prediction programme (BREEZE) in the design stages to determine ventilation flow 
rates for different wind speeds and directions. Perera et al (1993) similarly considered 
a low-rise office block near a tall slab building and also investigated impact of the 
relative location of the tall building on the surface pressures of the low-rise block. 
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Choiniere and Shrestha looked at scale models in a wind tunnel to establish Cps and 
resulting ventilation rates for livestock buildings. 
This brief overview of a few of the wind tunnel studies undertaken looking at natural 
ventilation shows that surface pressures and internal velocities can be measured 
directly and, subsequently, provide a good indication of flow rates in full-scale 
situations. However, the wind generated in the tunnel is basically steady and due to 
size restrictions there is a limit how large the model can be and, hence, how much of 
the surrounding terrain/obstructions can be incorporated. More significantly wind 
tunnel trials can only include the wind effect - it would be extremely difficult, to 
include any buoyancy effects. 
2.4.3 Computational Fluid Dynamics 
With the advent of more and more powerful and cheap portable computers that are 
capable of complicated numerical analysis, computational fluid dynamics (CFD) has 
become a readily available tool for tackling complex fluid problems like natural 
ventilation. Jones and Whittle (1992) describes CFD modelling as the process of 
representing a fluid flow problem by mathematical equations based on the 
fundamental laws of physics, and solving those equations based to predict the 
variation of relevant parameters within the flow field. Usually these will be velocity, 
pressure and temperature, and other variables such as turbulence parameters and 
concentrations of chemical species. 
In general CFD has been used to predict either the external flow pattern around a 
building and calculating surface pressures and C, or the internal airflow movement, 
but rarely both in one model. Häggkvist et al (1989), Baskaran & Stathopoulis (1989), 
Stathopoulis & Zhou (1995), and Mikkelsen & Livesey (1995) all used CFD to 
establish external surface pressures. Ronold A. (1993) looked at the flow field around 
buildings over a whole petroleum processing plant. Mokhtarzadeh-Dehghan et al 
(1990), Niu & van der Kooi (1992), Li et al (1993) and Awbi et al (1994) concentrate 
on the flow in the space within a building or cavity. Li and Awbi's models reflected 
cross-flow ventilation and, in the main, using mechanical ventilation, whereas the 
former two models cover single-sided natural ventilation. Mokhtarzadeh-Dehghan's 
Chapter 2 LITERATURE REVIEW 46 
considers a simple cavity with one opening with external flow blowing across the 
opening and the internal wall of the cavity at a raised temperature to supply the heat 
input. Niu & van der Kooi's model structurally was realistic but only considered 
buoyancy effects. 
Kato et al (1992) provided one of the rare models where both external flow to the 
building and internal flow in the space within is simultaneously considered. However, 
the flow regime under investigation was for cross-flow natural ventilation mode and 
only incorporated wind effects, as the ultimate exercise was to make a comparison 
with wind tunnel tests. The study raised some interesting points with regard to 
prediction of flow rates on static pressure drops between entry and exit of the building 
in cross-flow ventilation (see para. 2.2.2). 
The main disadvantage of CFD modelling for natural ventilation is the difficulty of 
defining accurate boundary conditions. The models considered have steady boundary 
conditions, whereas to investigate single-sided natural ventilation it has already been 
intimated that turbulent wind effects need to be modelled as boundary conditions. 
CFD models can be provided with time varying boundary conditions but it would be 
impossible to predict and model the stochastic and turbulent nature of wind impinging 
on a building as a consequence of surrounding obstructions in the path of the 
prevailing winds. In theory the model could incorporate the surroundings to the 
building under investigation so the boundary conditions could be simplified to a 
steady flow allowing the model itself to generate the impacting turbulent wind at the 
subject. Apart from the model being impracticably large requiring extensive 
computational time and memory CFD cannot accurately predict the flow pattern in the 
wake region of obstruction. This limitation in the wake region can be seen by 
considering the models used to predict Cp. 
Although CFD models incorporate turbulence modelling they have their limitations. 
Häggkvist et al and Baskaran & Stathopoulis, Stathopoulis & Zhou, and Mikkelsen & 
Livesey (1995), in their prediction of Cp, all used CFD with a k-c turbulence model 
and compared the results to wind tunnel tests. The numerically simulated results were 
deemed to be good from an engineering viewpoint, however, Cp was generally under- 
estimated. The greatest errors were apparent on the downstream side due to the 
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reattachment zone where the k-c turbulence model cannot accurately reflect the 
turbulent conditions in this region. Turbulence models take time-averaged values of 
parameters and, hence, can predict fully developed turbulent flow and laminar flow 
but not flow in the transition region. Flow round buildings/obstructions in the wake 
region is in the transition region of the flow making predictions in these areas 
inaccurate. Baskaran modified two equations in the standard k-c turbulence model 
which resulted in more accurate predictions of Cp on the downstream side but was still 
an under-estimation. Kato used CFD with large eddy simulation (LES) turbulence 
model and obtained a more accurate comparison of results with wind tunnel test data 
than was achieved with the k-c turbulence model. The disadvantage of LES over k-c 
turbulence models is that it requires greater computing power making it expensive on 
computer time and memory. 
Therefore, a turbulent random wind impinging on a building as a result of surrounding 
obstructions cannot be accurately predicted using CFD so realism in the internal flow 
pattern developed by the model would be in doubt even though buoyancy effects 
could be easily included. 
2.4.4 Full-scale Measurements 
Trials on a full-scale have been undertaken in the investigation of ventilation for both 
mechanical and natural ventilation in cross-flow and single-sided modes. Generally, 
measurement of ventilation rates is through analysis of tracer gas concentrations. 
Tracer gases commonly used are nitrous oxide (N20) and sulphur hexafluoride (SF6) 
(Aleö & Vitale, 1996) and even carbon dioxide (C02) injected into rooms has been 
used in the past (Hill & Kusada, 1975). Federspiel (1996) proposes using `passively- 
generated' CO2 (i. e. that generated by a building's occupants) to evaluate ventilation 
performance on a continuous basis. Tracer gases are not cheap so for long term 
monitoring, which can occur in the constant emission rate method, low-cost 
alternatives have been developed (hence one of the reasons for Federspiel's proposal). 
Sherman (1989) reports of the popularity of AIMS (Average Infiltration Monitoring 
System) which uses a Per-Fluorocarbon Tracer (PFT) filled glass tube as an emitter 
and a diffusion-limited charcoal-like absorber as a sampler. (The samplers need to be 
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analysed away from the subject in a laboratory. ) The variance in the duration of the 
monitoring period highlights the different information that can be derived from the 
different measurement methods. 
The common method (the concentration decay method) utilizes the conventional 
tracer gases where air sampling occurs over a time period no longer than the time 
taken for air in a space to be completely exchanged; i. e. the air is only sampled until 
the tracer gas has decayed to background levels - the time taken to exchange the air. 
Consequently, this method provides an instantaneous ventilation rate for the period of 
the trial. However, the constant emission method using PFT and time averaged 
concentration measurements falls into the category of passive ventilation 
measurement techniques and measures a time-averaged ventilation rate. Sherman 
states that, 
"any technique, including the passive technique, that averages the 
concentration of tracer gas over a long period of time will not be able to 
measure the average ventilation over that period of time accurately - 
except in the case of unvarying ventilation rates" 
and so provides consistent under-predictions. Sherman qualifies the statement by 
noting that 
"fundamentally, this under prediction is caused by the fact that the 
ventilation and concentration are inversely related and that the average 
of the inverse is not the inverse of the average ". 
Walker and Smith (1993) also witnessed the under-estimation in the ventilation rates. 
The subjects under study in full-scale trials have been varied. Walker and White used 
tracer gas concentration decay method to investigate the depth of fresh air distribution 
into an office subject to single-sided natural ventilation. Walker et al (1996) looked at 
the effectiveness of natural ventilation through field measurements in two office 
buildings with the constant tracer gas emission rate method by assessing the mean age 
of air with the building zones. They concluded that simple ventilation rates at the 
design phase could not indicate the true capability of the ventilation system to 
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adequately purge the whole indoor spaces of internally produced contaminants, 
whereas, tracer gas trials could. Cavallo et al (1992), de Jong and Bot (1992), Riffat 
and Kohal (1994) and Wilson and Kiel (1990) have also all used tracer gas techniques 
to investigate different occurrences through natural ventilation. For example, 
convective flow between two zones at different temperatures within a building (Riffat 
and Kohal), flow through an opened exterior door (Wilson and Kiel) and the 
effectiveness of natural ventilation in basements of houses to reduce the indoor levels 
of radon which enters from the ground below (Cavallo et al). One of the most 
significant natural ventilation projects in recent years, the PASCOOL project, looking 
at various aspect of natural ventilation including single-sided mode also used tracer 
gas measurements in full scale trials to verify existing and new prediction models. 
It is apparent that tracer gas techniques are in widespread use and can give good 
indication of purging capabilities of ventilation systems and overall air change rates. 
However, the ventilation rates obtained are only mean values, this includes the 
instantaneous rates determined through concentration decay rate test. The 
`instantaneous' ventilation rates in this instance are in reality an average taken over 
the duration of the sampling period. 
Another method used in full-scale trials is flow visualisation within a room by laser 
with smoke or bubbles. The method can be used to investigate the nature of the flow 
through 'seeing' the flow pattern but cannot provide any accurate measurements; 
mainly it is a method of finding the NPL. 
Direct measurement of air velocity would provide instantaneous ventilation rates and 
such measurements can be made in full-scale trials by hot-wire anemometers or 
ultrasonic anemometers. The resulting ventilation rates can be determined for any 
instant in time, sampled over any period, monitored and logged for data storage and 
future analysis. Direct measurements appear to be less extensively undertaken - 
probably due to the expense of the associated equipment. However, Flourentzou et al, 
as part of the PASCOOL project, have derived airflow rates from velocity 
measurements for comparison with tracer gas determined rates in their analysis of 
stack effect and position of the NPL of a naturally ventilated three level office 
building. 
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2.4.5 Conclusions 
The one over-riding advantage of the full-scale trials is that measurements are made in 
real time, at a real life scale and so effectively record actual phenomena uncorrupted 
(or minimally corrupted) by the measuring regime. The first three methods, salt bath, 
wind tunnel models and CFD, all contain a built-in potential error where 'real life' is 
being simulated, this obviously cannot happen with full-scale trials. True accurate 
simulation of a random turbulent wind pattern would be impossible to establish. As 
the single-sided natural ventilation rates could be influenced by the turbulence and 
eddy generation of the incident wind any artificial generation of the wind pattern 
would introduce an anomaly, which would fundamentally affect the phenomena under 
investigation. 
The disadvantage of full-scale trials over the other methods is that the size and 
geometry of the room under test is set for the duration of the trial by the location of 
the test site, unless different sites can be used. Also, there is a lack of controllability 
on the testing environment; i. e. reliance on the prevailing weather conditions during 
the trials. However, this effect can be minimised by increasing the quantity of data 
recorded and selecting like situations with comparable parameter magnitudes to 
identify any patterns - statistically taking large enough samples of data so they 
represent the population. The benefit of measuring the `real life' occurrences far 
outweighs the disadvantages of lack of control. 
Therefore, the aim for this study is to perform full-scale trials on a test cell 
instrumented to measure indoor air velocity and temperature and record external 
weather conditions with an appropriately located weather station. 
CHAPTER 
3 
TEST CELL 
In order to provide full-scale measurements a suitable test room, or cell, needs to be 
identified and the instrumentation and experimental methods ascertained. This chapter 
discusses the factors affecting the choice of test cell, the test cell selected and the test 
cell preparation incorporating location of a local weather station and characterisation 
for air infiltration. 
3.1 FACTORS INFLUENCING CHOICE OF TEST CELL 
The factors considered, which had the main impact on the choice of the test cell, were 
the nature of the domain (single zone or multi-zone), the weight of the structure and 
the location. 
3.1.1 Single-Zone or Multi-Zone 
The aim of the experiments was to provide measurements to investigate the influence 
of wind in single-sided natural ventilation with a view to develop a prediction model 
and, as a consequence, characterise the interactive behaviour of the driving forces 
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associated with natural ventilation in a single-sided environment. Therefore, the test 
cell needed to be a single room domain to avoid introducing an unnecessarily 
complicated internal flow regime. It is widely considered and documented (Walker, 
1992) that there is a limiting depth into a room that air from outside can penetrate 
under the action of single-sided natural ventilation. The general rule of thumb is that 
single-sided natural ventilation penetrates to a depth of 2.5 times the height of the 
ventilated space (CIBSE, AM10,1997). A multi-room domain, having internal walls 
with openings, would inherently have additional restrictions for air movement. 
Although, there would be air movement between adjacent rooms it is most likely to be 
due to heating and cooling from adjacent surfaces and air masses, not as a result of 
outside air penetrating inner rooms distant from the external openings. Whatever the 
mechanisms involved it was considered a multi-room domain would add unwarranted 
complication and detract from the behaviour under investigation at the building 
openings which would be little affected further rooms within the space. 
3.1.2 Weight of Building Structure 
The choice of heavyweight or lightweight structures was based on the requirement to 
be able to have a certain degree of control over one of the components driving the 
natural ventilation airflow - wind direction, wind velocity or internal/external 
temperature difference. 
As wind conditions continually changes in a random manner, an infinite number of 
permutations of temperature difference, wind velocity and direction would exist in any 
experimental data recorded. Consequently, a vast quantity of data would be required 
to provide enough data in a specific situation to enable any correlations to be 
determined between temperature difference, wind velocity, wind direction and the 
resulting natural ventilation. Introducing a certain degree of control over one of the 
parameters would restrict the wide variation in magnitude of that parameter and, 
subsequently, reduce the amount of measured data for a specific situation to a 
manageable level. Wind is under investigation so the only realistic option was to 
provide some control over the temperature difference for each experiment. 
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Internal Environment Swing Temperature 
To maintain a constant (or less varying) internal/external temperature difference 
throughout an experiment the internal temperature would need to respond quickly to 
changes in the external conditions so that it could track the external temperature. This 
will have a greater tendency to occur in lightweight rather than a heavyweight 
structured building because the thermal admittance of fabric in a lightweight structure 
is lower than for a heavyweight structure. The admittance is the heat flow between the 
internal surface of a construction and the space temperature, for each degree swing in 
the space temperature about its mean value. Effectively, admittance is a measure of 
the how the fabric dampens the variation in internal temperature in relation to changes 
in the heat load on the building and the external conditions. Lightweight structures 
have lower admittances (less damping), so the internal environment temperature will 
tend to track changes in the external temperature more closely than in buildings with 
heavyweight structure. This can be quantified by considering the internal environment 
swing temperature. 
The internal environment swing temperature is the difference between the mean and 
peak internal environment temperature. A higher swing temperature, for given 
changes in heat load and external conditions, suggests the internal environment 
temperature is more responsive to changes in the external conditions; i. e. the internal 
environment temperature will more closely follow the changes in the external 
temperature and maintain the magnitude of the internal/external temperature 
difference. The internal environment swing temperature is described by: 
n. 
Qt 
tei _ ý(A3Y)+CV (3.1) 
where, Q, = total swing in heat gain (W) 
E(ASY) = sum of the products of the areas of all room surfaces and 
their appropriate admittances (W/m K) 
C = ventilation loss (W/K) 
The total swing in heat gain is the sum of the swing in effective heat input 
due to solar radiation and structural heat gain, swing in casual heat gain 
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(heat sources in the building) and the swing in heat gain air-to-air. The 
swing in heat gain air to air is the swing in heat gain across the glazed 
portions of the structure and in the ventilation heat loss due to variation in 
the external temperature. The ventilation loss is calculated from: 
111 
Cv =1 +4.8ZAs (3.2) 
3 
where, E(AB) = sum of the areas of all room surfaces 
Equation 3.1 highlights that for a given total swing in heat gain and ventilation loss a 
building with fabric of low admittances (lightweight structure) will produce a higher 
internal environment swing temperature than a heavyweight building whose fabric 
would have higher admittances. Consequently, the internal temperature in lightweight 
building will track changes in the external temperature and maintain a more 
consistent, or less varying, internal/external temperature difference than in a 
heavyweight building. 
Strictly, lightweight and heavyweight buildings in identical situations will have a 
different total swing in heat gain. In a heavyweight building there is a time delay 
between the fluctuations in conditions and the effect of the fluctuations on the internal 
environment, CIBSE Guide, Volume A, Section A8. The result is that the total swing 
in heat gain in heavyweight buildings is lower than in lightweight buildings which 
compounds the higher internal environment swing temperature seen in lightweight 
buildings. 
Response Factor 
Despite equation 3.1 suggesting that the internal environment temperature of a 
heavyweight building will not track the external temperature as well as a lightweight 
building a heavyweight building has the ability to behave as a lightweight structure 
when the associated ventilation rate is high. Consider the response factor, fr, used to 
categorizes lightweight and heavyweight buildings (CIBSE Guide, Volume A, Section 
A8). The response factor of a building relates the thermal admittance and 
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transmittance of a building's fabric and the ventilation rate as described by the 
following equation (CIBSE Guide, Volume A, Section A8): 
1: (A°Y)+NV 
fr _-3 (3.3) 
(AsU) +3NV 
where, E(AsY) = sum of the products of the areas of all room surfaces 
and their appropriate admittances (W/m K) 
E(A, U) = sum of the products of the areas of all exposed surfaces 
and their appropriate transmittances (W/m K) 
N= number of air changes per hour (h'') 
V= room volume (m3) 
The value of the response factor is an indication of whether a building will behave as a 
heavy or lightweight structure; i. e. a high response factor suggests a heavyweight 
building and low response factor a lightweight building. However, the ventilation rate 
has an impact on the response factor, whereby, a physically heavyweight building can 
have a low response factor due to a high ventilation rate and, so, behave as a 
lightweight structure. CIBSE Guide Volume A, Section A8 suggests heavyweight 
structures have a response factor greater than or equal to 6 and lightweight structures 
the response factor is less than or equal to 4. 
Although a heavyweight building subject to a high ventilation rate can dynamically 
behave as a lightweight structure, a lightweight structure is chosen for the 
experiments. A higher internal environment swing temperature will be achieved in a 
lightweight building, rather than in a heavyweight building, regardless of the 
magnitude of the ventilation rate experienced during experimentation; i. e. the internal 
temperature will more closely track the changes in the external temperature and 
provide less variability in the internal/external temperature difference throughout an 
experiment. The magnitude of the internal/external temperature difference in 
successive experiments will be set at different levels by introducing a heat source into 
the test cell; for example, an adjustable heater. 
Chapter 3 TEST CELL 56 
Solar Gain 
The calculation for internal environment swing temperature was used as an indicator 
to show that the internal temperature in a lightweight structure would have a greater 
ability to track the changes in the external temperature than in a heavyweight structure 
but did not emphasise the unwanted influence of solar gain. It identified that, for a 
heavy and lightweight building subject to the same heat loads (including solar gain), 
the parameter providing most influence on the swing temperature is the thermal 
admittances of the building fabric. 
However, solar gain will affect the stability of the internal/external temperature 
difference by generating a wide variation in the heat load acting on the test 
environment over the duration of an experiment. Although the use of a lightweight 
structure makes it more responsive to changes in external conditions, unchecked solar 
gain would create greater swings in the internal environment temperature than occurs 
in the external temperature; promoting a less stable internal/external temperature 
difference. Therefore, as a lightweight building is required for its responsiveness to 
external conditions (as suggest by the internal environment swing temperature), 
sheltering from solar gain would also be required to minimise the variation in the 
internal/external temperature difference while measurements were being recorded. 
3.1.3 Location 
Dascalaki et al, 1999, identified that single-sided configuration is often encountered in 
an urban environment. Buildings in an urban environment are often in sheltered, in-fill 
locations, which would not necessarily encourage the influence of wind in single- 
sided natural ventilation. However, currently, this has not been quantified and, as a 
result, should not exclude the investigation being undertaken on a sheltered building. 
Indeed, as a sheltered building typifies a common single-sided natural ventilation 
regime the investigation on such a location should be positively encouraged to 
establish whether wind has any influence on a 'typical' building subject to single-sided 
natural ventilation. The randomness of the wind pattern dictates that any investigation 
on a subject building will, inevitably, be situation specific, but choosing a location that 
typifies a common situation will provide essential information in the methodology of 
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attaining data and analysis of that data for like situations. Further investigations on 
alternative locations will benefit from any findings that can be obtained from a 
specific situation to confirm whether those findings can be generalised or extended to 
cover single-sided natural ventilation per se. 
Turbulence in the impinging wind has been reported to influence the natural 
ventilation rates in a single-sided regime (Dascalaki et al, 1995). The local wind 
pattern around a sheltered building is likely to be more turbulent than at an open site 
as a result of the prevailing wind flowing over and around the surrounding 
environment. Consequently, an added advantage of the sheltered location is that it will 
be subject to a more turbulent impinging wind, which may have a bearing on the 
achievable natural ventilation rates. 
Also, a sheltered location would have the benefit of minimising the influence of solar 
gain acting on the building and, so, minimising the variability of the internal/external 
temperature difference during the length of experiment, see sub-section 3.1.2. 
3.2 THE TEST CELL 
The test cell subsequently chosen was a single room Portakabin type portable 
building located on the north facing side of the main laboratory block of the 
Department of Civil and Building Services at the Loughborough University, figure 
3.1. The portable building was the only building available and there was no option for 
relocating it. Although, the location is not ideal the test cell is in a sheltered situation 
and can effectively be considered as a low-rise structure in an in-fill locale. 
The test cell is surrounded by numerous buildings of a similar height, with the 
exception of the laboratory block immediately to the south, 9.5m high, and a water 
tower adjacent to the southwest corner, 17m tall; the test cell is 2.7m high. The line of 
sight on the north side of the test cell is clear apart from some trees 10m distant. 
Hence, the location satisfies the requirements of being sheltered from significant solar 
gain. The main laboratory block and water tower, which are significantly taller than 
the test cell, shelter the majority of the glazed parts on the test cell facades; i. e. the 
south and majority of the west facade. 
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Figure 3.1: Plan and elevation of Test Cell location 
showing proximity to surrounding 
buildings. 
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The test cell is of a lightweight construction with a flat roof. A door and single 
window (with opening light) are located in the south facade, a double window (each 
with opening lights) on the west facade. Despite the south and west facades being 
sheltered form solar gain by the surrounding buildings, the windows were also 
internally shielded with venetian blinds to help reduce solar gain further. The north 
and east facade of the test cell were blank walls; louvred openings were subsequently 
installed in the north facade for purposes of the experiments. The internal dimensions 
measure 2.22m high by 3.42m long by 2.93m wide; the short facade runs east/west. 
The louvre bulkhead does not strictly face north, but is orientated to face 30° away 
from magnetic north, so that the line of the bulkhead runs from 60° N to 240° N. 
However, for simplicity the louvre bulkhead will be designated as the north facing 
facade. 
Buildings in an open site can be considered to be subject to prevailing wind conditions 
as dictated by the surrounding terrain. Yet buildings in a sheltered site have their own 
local wind pattern, characterised by the influence of the surrounding buildings on the 
prevailing conditions. Hence, the magnitude and direction of prevailing wind 
conditions cannot be directly applied to the test cell in its sheltered location. The local 
wind pattern needs to be taken into consideration and this was investigated further 
through flow visualisation in a wind tunnel (see section 3.4) with the aim of locating a 
local weather station in relation to the test cell. 
3.3 TEST CELL PREPARATION 
The test cell must be characterised for the main experiments. This constitutes the 
choice of openings, positioning of the local weather station and test cell 
characterisation. 
3.3.1 Openings 
A consequence of the sheltered location meant that the resulting local wind velocity 
from the prevailing conditions was an unknown quantity. Therefore, the openings had 
to be of a significant size so as not to inhibit air movement and ensure that measurable 
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amounts of airflow would be experienced; the proposed opening type was adjustable 
louvres. Subsequent air infiltration experiments (see section 3.5) to test for air leakage 
indicated that the concerns pertaining to immeasurable airflows were unfounded and 
that adequate air movement could be achieved with only two blades of the whole 
louvre bank utilized. 
The openings were to be installed in the blank north facade; as it was the facade least 
restricted by external obstructions. The only limitation to this installation was a low 
wall immediately external to the facade. This would limit the height of the lower 
opening, which in turn would limit the height difference available between the upper 
and lower openings, and, hence, place a restriction on one parameter affecting the 
driving potential for buoyancy driven natural ventilation. 
Right Hand Louvre Bank 
(when viewed from inside) 
-2 off louvre sets 
Left Hand Louvre Bank 
(when viewed from inside) 
-2 off louvre sets 
I 
Not to Scale 
I 
North Facing Louvre Bank 
Figure 3.2: External view of the north facing 
bulkhead showing 4 offsets of adjustable 
louvres located in 2x2 configuration. 
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The louvres were supplied by Robertson Vogue Limited based at Holt Heath near 
Worcester. A bank of four louvre units were fitted adjacent to each other in a two by 
two formation, figure 3.2. Each louvre unit has the overall dimensions of 1250mm 
wide, 800mm high and 200mm deep and contains 5 off 120mm wide adjustable louvre 
blades (see figure 3.3). Relative to the internal dimensions of the test cell the louvres 
cover just over 60% of the bulkhead area with a capability, when fully open, to 
provide an aperture equivalent to approximately 28% of the bulkhead area. 
Casing 
ntrol Linl 
e Contrc 
trol Link 
Louvres Shut Louvres Open 
Figure 3.3: Sectional view through one louvre set, 
showing 5 off louvre blades in the set in 
shut and open positions. 
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A motor actuator was fitted to each louvre unit to accurately regulate the degree of 
opening of the louvre blades; 4 off modulating motor actuators, supplied by Belimo 
Automation (UK) Limited, were used. A motor control unit was designed and built in- 
house which would allow any combination of louvre units to be adjusted to any 
position from fully closed to fully open. The modulating motors returned a voltage 
signal, ranging from 2volts to l0volts, to indicate its position, and hence the 
corresponding louvre position (2volts and l0volts representing fully open and fully 
close respectively). Therefore, the degree of opening of each louvre unit could be 
accurately controlled from the motor return signal, so repeatability in louvre positions 
could be achieved in successive experiments. A voltmeter was incorporated in the 
motor control unit that could be switched to each motor to monitor the return 
positioning signal. 
Figure 3.3 shows a side view of the one louvre set with the side casing removed. Two 
side control bars attach to the ends of the louvre blades to enable operation of the 
louvres. A cross bar connects the side control bars and the actuator motor attaches to 
the cross bar. The control link bars shown can be fitted to allow for disconnection of 
louvres from the side control bars so that some of the louvres remain closed when the 
control bars are actuated. 
3.3.2 Local Weather Station 
The characteristics of the test cell's sheltered location (section 3.2) indicated that wind 
data must be measured local to the cell and that wind tunnel experiments were 
undertaken to visualise the local wind pattern. The findings from the experiments 
were also used to help determine a suitable location for the local weather station. The 
wind tunnel experiments and findings and correlation with weather station data are 
addressed later in the chapter, in section 3.4. 
3.3.3 Test Cell Characterisation 
All buildings have leakage sites through which air can pass. These leakage sites can 
occur at any opening (doors, windows, louvres, etc) or at cracks in the building 
structure. The leakage is termed air infiltration and is effectively the unwanted 
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ventilation. Ideally for the experiments air infiltration should be zero otherwise a 
certain degree of cross-flow natural ventilation will occur. The mechanisms involved 
in cross-flow natural ventilation are markedly different to single-sided natural 
ventilation. Therefore, if the analysis was based on the assumption that all airflow was 
due to single-sided natural ventilation any significant amount of cross-flow will 
impact detrimentally on findings. 
In practice it would be unrealistic to reduce air infiltration to zero, so, minimization 
must be sought. In this respect test cell characterisation amounts to assessing the air 
infiltration and applying changes or modifications to the cell to reduce the leakage to 
acceptable levels. The air infiltration experiments and subsequent modifications made 
to the test cell to achieve an acceptable air leakage rate were quite extensive and are 
described in section 3.5. 
3.4 INVESTIGATION OF THE WIND PATTERN LOCAL TO THE 
TEST CELL: for siting the local weather station 
Importance of local measured weather and the need to understand the local wind 
pattern around the test cell due to the prevailing conditions has been discussed. This 
dictated the need to perform further investigation to visualize the airflow regime in the 
vicinity of the test cell. 
3.4.1 Options for Investigation 
There are two available options for achieving flow visualization: 
i) computational fluid dynamics (CFD), 
ü) wind tunnel experiments. 
CFD was rejected for this type of problem due to the complexity of the model and the 
difficulty in accurately defming and specifying model boundary conditions. The 
outcome would be a lack of confidence in the solutions generated on the basis that the 
results maybe a consequence of the model itself rather than an accurate representation 
of the full-scale situation. This may not be a problem in itself as absolute values of 
parameters are not required just an overall flow visualization. However, the 
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uncertainty of the results using CFD, and the required time and knowledge to produce 
a credible model negated its suitability in this instance. 
Wind tunnels have been used quite extensively to investigate the effect of wind on and 
around buildings subject to their surroundings at a model scale level. The airflow 
pattern around the model can simply be visualized by injecting smoke or neutral- 
density soap bubbles into the air stream drawn across the model. The resulting air 
flow pattern can be observed and recorded with still and video photography, but not 
easily quantified. However, such smoke injection trials are simple to undertake and 
will provide adequate indication of the trends of the local airflow pattern around the 
test cell subject to prevailing wind conditions. Consequently, the wind tunnel 
experiments option was chosen for the flow visualisation of the local wind pattern 
around the test cell. 
3.4.2 Wind Tunnel Experiments 
In order to visualise the effect of the surrounding buildings on the test cell, wind 
tunnel experiments were carried out in the Environmental Wind Tunnel at the 
Building Research Establishment (Eftekhari, 1998). 
The Wind Tunnel 
The Environment Wind Tunnel (EWT) (Griggs, 1976) facility at the Building 
Research Establishment (BRE) was kindly made available for the trials. The EWT 
basically comprises of an inlet gauze, inlet duct, working section, exhaust duct and fan 
installation (the inlet and exhaust ducts are termed in relation to the working section 
not the fans), all housed within a larger building, figure 3.4. 
The surrounding building is effectively the fan installation discharge plenum. 
Therefore, the fan installation draws suction on the working section exhaust duct and 
discharges into the surrounding building. Due to the relative depression in the exhaust 
duct air is drawn into the EWT from the larger building/discharge plenum through the 
inlet gauze along the inlet duct and across the working section housing the model. The 
inlet gauze consists of a bi-planar grid and a saw tooth fence that generates an airflow 
pattern which simulates a suburban boundary layer wind profile. The simulated wind 
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profile is allowed to develop over an 8m roughened surface before flowing over and 
around the model. The roughened surface consists of small wooden blocks, 
approximately 40mm high. The model is placed on a 1.75m diameter computer 
controlled turntable in the working area of the tunnel. The turntable can be rotated at 
any angle relative to the flow direction of the simulated boundary layer so the model 
can `experience' wind from any direction. 
Saw Tooth 
Fence 
Air Flow 
Turntable, 
1.75m diameter 
Approximate Scale 1: 300 
Building in which Wind 
Tunnel is housed 
Figure 3.4: Plan of the Building Research 
Establishment's Environmental Wind 
Tunnel. 
Model & Experiments 
The model size is important - it should cover an area large enough to include the 
important features influencing the airflow pattern around the test cell, yet not be too 
small in scale to make visualisation difficult. As mentioned previously the test cell is 
located behind the main laboratory block of the Department of Civil and Building 
Services at the Loughborough University. The surrounding buildings that would be 
expected to have most impact on the airflow are the laboratory block and the water 
tower. Items, which are less likely to have an influence are an open car park to the east 
and trees to the north, in addition to numerous sheds and portable buildings of a 
similar height to the test cell. The model scale is usually set between 1: 200 and 1: 500 
Inlet Inlet Working Exhaust 
Gauze Duct Section Duct 
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(BRE, 1994) but on direct advice from Dr Perera at BRE a model scale of 1: 50 was 
used. A scale of 1: 50was suggested on the basis to ensure that the model of the test 
cell would be large enough to enable the airflow pattern around it to be visualised. 
Figure 3.1 showing the location of the test cell reflects a plan view of the model used 
in the wind tunnel. The buildings were constructed individually from wood as simple 
rectangular blocks, while the trees were made from sponge and pipe cleaners. A 1: 50 
scale drawing was made of the plan layout of the model so the model could be 
transported to BRE in pieces and set up on site. The whole model was painted matt 
black to aid visualisation of the flow paths during the experiments. 
At BRE, using the scale layout, the model was built in-situ on the turntable in the 
working section of the EWT. The model could then be positioned at any angle relative 
to wind tunnel air stream by simply rotating the turntable. A series of 12 experiments 
were undertaken with the model at different orientations representing wind directions 
of 0°N to 330°N in 30° intervals, Eftekhari (1998). The flow pattern of air across the 
model was visualised by injecting smoke upstream of the model. The flow patterns 
observed were recorded by hand and through still and video photography. 
Results & Discussion 
A summary of the resultant local airflow pattern around the test cell is tabulated in 
table 3.1. As expected, it was evident from the start of the experiment that the two 
dominant features in the system were the laboratory block and the water tower. The 
obstruction of the tower caused the wind direction to be diverted and eddy generation 
at the test cell area. The relatively large dimensions of the laboratory block funnelled 
the wind along the back facade (north facing) in either direction depending on the 
prevailing wind direction. The direction of the resultant airflow at the test cell was 
predominantly either slightly south of west (260°N) or slightly north of east (70°N). 
The westerly flow path of the local wind pattern at the test cell was far more dominant 
and stable than when it came from the east where swirl due to eddy generation was 
more evident. This can be accounted for by the fact that when the flow path is from 
the west the test cell is situated downstream of the water tower and there are no 
significant obstructions further downstream from the test cell to create back eddies. 
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When the flow path is easterly the water tower is downstream of the test cell causing a 
blockage to the flow path and consequently generating eddies. 
iJrflow 
Wind 
Direction Observations 
Direction at 
Test Cell 
(°N) (°N) 
wind hits the low-rise buildings, spills over the laboratory 
0 block and splits around the water tower 60 to 80 
large eddies recirculate behind the test cell 
30 as above with no eddies behind the test cell 60 to 80 
60 as above with slight eddying resulting from wind impinging 60 to 80 
on the side facade of the water tower 
wind passes over the laboratory block missing the test 
cell, also wind spills around the side of the laboratory and 
90 runs along back (north facing) facade 60 to 80 
eddies form behind the test cell resulting from wind 
impinging on the side facade of the water tower 
120 as above but with less dominant flows around the side of 60 to 80 the laboratory block 
150 as above 60 to 80 
180 wind passes straight over the laboratory block resulting in nil very weak flow patterns at the test cell 
210 wind splits around the water tower and passes over the 
test cell as if generally coming from a westerly direction to 240 to 270 
eddies develop behind the test cell between the laboratory 330 block and the test cell 
Table 3.1: Summary of observations from wind 
tunnel trials 
To summarize, regardless of the prevailing wind direction the airflow pattern around 
the test cell is fundamentally either from the east (60° to 80°N) or from the west (240° 
to 270°N). Also, when from the west the airflow is more stable than when from the 
east. 
Observations from the experiments also identified that a suitable location for the local 
weather station, to record the local wind flow pattern in the full-scale experiments, 
would be mounted directly on the north (louvre) facade of the test cell at roof height. 
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3.4.3 Post Wind Tunnel Experiment Findings 
The local weather station was subsequently located 300mm above and 1000mm out 
from the north facade. Local wind data has since been recorded for 1 year and it has 
been found that for roughly 95% of this period the wind direction at the test cell 
generally comes from either a easterly or westerly direction (more specifically 
between 40° to 85°N and 230° to 290°N). The louvre bulkhead runs along a 60/240°N 
direction, therefore, the more common angle of attack of the impinging wind varies 
from -20° to 50°. Also a comparison has been made between prevailing wind data 
recorded at the university meteorological station and the resultant locally measured 
wind data adjacent to the test cell measured during September 1996 at both sites. 
Frequency plots were developed for the meteorological site data (prevailing 
conditions) and the test cell (local conditions) showing number of occurrences of wind 
at a certain velocity and direction, shown in figures 3.5a and 3.5b respectively. The 
wind velocity was split into 0.125mis segments and the wind direction into 5° 
segments. The number of times the wind conditions fell within each segment group 
determined its frequency. 
Figure 3.5a shows that the prevailing wind occurred without any dominant wind 
velocity or direction. However, the resultant local wind pattern shows two distinct 
peaks on figure 3.5b; one around a wind direction of 70°N and the other around 
260°N. The larger wind direction spread of the 700 N peak in figure 3.5b suggests a 
less stable local wind pattern. 
The local wind velocity is also generally less than the prevailing wind velocity. Figure 
3.6 shows the relationship between the wind velocity measured at the different 
location for each measurement; the local wind velocity is typically half the prevailing 
wind velocity. 
These findings indicate that the local measurements from full-scale tests and the 
observed local airflow pattern from the wind tunnel trials appear to be in close 
agreement; the local wind pattern is predominantly from the east or the west. The 
measured data also suggests that when the local wind direction is generally easterly 
the flow path is less stable and fluctuates more than if from the west. 
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Figure 3.5a: Frequency of prevailing wind velocity 
with wind direction measured at the 
Meteorological Site in September 1996. 
Figure 3.5b: Frequency of local wind velocity with 
wind direction measured local to test cell 
in September 1996. 
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3.4.4 Conclusions 
The main laboratory block and the water tower are the dominant features dictating the 
airflow pattern at the test cell; predominantly, by diverting the wind along the north 
facade of the laboratory block in one direction or the other depending on the 
prevailing wind direction. As a result, in the majority of cases, wind conditions 
experienced at the test cell will be, in general terms, either from a westerly or easterly 
direction and the local wind velocity is approximately half the prevailing wind 
velocity. 
The close agreement between observations from the wind tunnel experiments and 
subsequent full-scale measured data provides a mutual validation process for the wind 
tunnel results and the chosen location for the local weather station. For example, the 
trends of the predicted local airflow pattern witnessed during the wind tunnel 
experiments has been confirmed by the full-scale measurements and, conversely, this 
confirmation substantiates the choice of location for the local weather station. 
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3.5 CHARACTERISATION OF THE AIR INFILTRATION 
Air infiltration in a building can be quantified through gas concentration decay 
experiments (step down method). Whereby a known gas is injected into the space and 
the rate of decay of the gas concentration is measured. The rate of decay of the gas 
concentration can, therefore, be related to an air change rate caused wholly by air 
infiltration. The rate of decay is dependent on the concentration at any time (ASHRAE 
Handbook (1993), Fundamentals, chapter 23), therefore; 
dC 
_ _kC dt 
where, C= gas concentration 
(3.4) 
separating the variables, integrating and assuming initial concentration, 
Co, at the start of the trial (t = 0), equation 3.4 reduces to: 
C=Coe''" or 1nC-1nCo =-kt (3.5) 
Equation 3.5 shows that a plot of the logarithm of gas concentration, lnC, against time, 
t, would produce a straight line where the gradient would be the constant k, which 
represents air changes per units of time, t. Obviously, to minimize the air infiltration 
the air change rate calculated from the gas concentration decay experiments should be 
as small as possible. 
3.5.1 Equipment & Experimental Procedure 
The gas used in the air infiltration characterisation was sulphur hexafluoride, SF6. The 
equipment comprised gas analyser, 8 channel switching unit, pump and sampling 
lines; a simplified schematic of the equipment layout is shown in figure 3.7. The 
switching unit sequentially lines up the sampling lines to the gas analyser, so the 
pump can draw air along each sample line in turn and deliver it to the gas analyser. 
The gas concentration was sampled at 8 points throughout the test cell; 5 close to the 
louvre bulkhead, 1 at each window and 1 at the door, see figure 3.8; samplings points 
have been designated with channel numbers in accordance with the gas analyser. The 
sampling points were chosen to be close to possible areas of leakage; i. e. at cracks 
around the door and windows and at the louvres. The switching unit switched between 
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sampling lines every 15 seconds, therefore, each sampling points, in the test cell, was 
sampled every 2 minutes throughout each experiment. 
Figure 3.7: Simple schematic of air infiltration gas 
analysing equipment. 
At the beginning of each experiment potential leakage sites (around the door, 
windows and louvres) were sealed with polythene sheet and tape. SF6 was then 
injected into the space and the gas analyser initiated. The gas was manually circulated 
to obtain the same concentration measurement at each sampling point. When an even 
concentration was monitored and maintained, all, or some, of the polythene covers 
(depending on the experiment) were removed and the rate of decay of gas 
concentration was recorded. This procedure was repeated for each experiment. 
Sampling Lines 
Chapter 3 TEST CELL 73 
* Positions of 
sampling points 
Cha 16 
Channel 
2 
Channel1 
5 
Channel 8 
Channel 4 
Figure 3.8: Location of Gas Analyser sampling points 
within the test cell.. 
3.5.2 Results 
The first experiment indicated that the test cell required considerable modification to 
reduce leakage sites before it could be fully characterised. Therefore, a series of air 
infiltration experiments were performed where the polythene covers were removed 
from different areas in an attempt to establish the location of the worst leakage sites. 
Modifications were subsequently made to the test cell to minimize the leakage and 
then experiments were again undertaken. 
The experimental results are shown in appendix A. The figures in appendix A show 
SF6 concentration traces for each experiment where the natural logarithm of the gas 
concentration is plotted against time. As discussed earlier and highlighted by equation 
3.5 the gradient of the trace of natural logarithm of the concentration plotted against 
time represents the air change rate. Consequently, two plots are shown per 
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experiment. The first shows the continuous trace of concentration decay for each 
sampling point with time. The second plot shows the concentration at each sampling 
point at the time of measurement with a best-fit line, derived form all the relevant 
data, and superimposed over the plot. The air change rate derived from the gradient of 
the best-fit line is in the units of the time axis. All graphs in appendix A are plotted on 
axis of the same scale for ease of comparison between experiments. 
Plots for experiments where covers were remove from the openings exhibit two 
distinct portions to the graph. A shallower gradient region representing the 
background `sealed' leakage, a knee point where the gradient of the plot changes, 
representing when the covers were removed in the experiment and a steeper gradient 
region representing the `unsealed' leakage, see figure 3.9. 
covers fitted 
('sealed' leakage) 
knee point 
0 gradient of line =k 
ä (air changes per time t) 
Eö 
covers removed 
('unsealed' leakage) öC 
8 
c v) 
time, t 
Figure 3.9: Basic aspects of gas concentration versus 
time plots. 
Table 3.2 shows a summary of the experiments as they were performed 
chronologically. The table indicates the status of the openings (covered or uncovered) 
and the modifications undertaken: no entry in the table either indicates no polythene 
cover fitted or modification not carried out, whichever is appropriate for the particular 
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experiment. The table also shows the calculated overall air change rate determined in 
each experiment. The data file name reflects the date of the experiment and the 
number of the experiment undertaken on that day, for example, 0415set2 represents 
the second experiment performed on 15`h April 1996 (see appendix A). Where two 
lines of entries apply to one data file name the first line refers to the period of the 
experiment before the polythene covers were removed and the second line to after the 
covers were removed. Single line entries against a data file name reflects a experiment 
where the state of the openings was unaltered throughout the experiment (0329set 1 
and 0412set l ). These experiment runs were undertaken to confirm the `sealed' 
condition background leakage. 
data file polythene covers fitted modification made 
louvres 0 
o 
a aö= air changes 
S L ` 83 
OO 
E (per hour) 
C1 
0318setl     0.65 
0318set 1 -- - -- ------ 9.45 
0329set 1     0.16 
0329set2     0.20 
0329set2   0.37 
0412setl       0.20 
0412set2       0.17 
0412set2     0.26 
0415setl     0.14 
0415setl    2.93 
0415set2     0.15 
0415set2   8.49 
0503setl      0.35 
0503setl    1.47 
0503set2      0.21 
0503set2 #    19.50 
# top and bottom blade of right hand louvre bank open 
Table 3.2: Summary of Air Infiltration Experiments 
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3.5.3 Discussion 
Unfortunately, local wind conditions and temperature at the test cell were unavailable 
at the time the cell was characterised for air infiltration. The variations in background 
leakage with `sealed' openings between comparable experiments will be due to the 
variation in wind conditions. As the weather conditions are unknown the 
concentration decay rates (or air change rates) for `unsealed' opening conditions must 
be adjusted, or normalised, on the basis of the background ('sealed') leakage, to allow 
for comparison of `unsealed' conditions in similar experiments. Consider the 
relationship between air infiltration and crack length. 
Air infiltration is the flow of air through leakage sites or flow through cracks. The 
British Standard, BS 5925,1991, quantifies the volumetric flow through cracks as: 
Q= kL(ip)° (3.3) 
where, Q= volumetric flow 
k&n= constants 
L= length of crack (m) 
ep = pressure difference across crack 
Assume that during a experiment the pressure difference across the cracks 
is constant, therefore, 
Q oc L (3.4) 
Hence, the flow from different leakage sites are additive on the basis of crack length. 
Air change rate is proportional to volumetric flow rate (as the volume of the room is 
constant), so, air change rates from different leakage sites are also additive. Therefore, 
subtracting the background (`sealed') air change rate from the `unsealed' air change 
rate will give an indication of air change rate relating to the air infiltration at the 
leakage sites which were unsealed during the experiment. This is simplistic but it will 
enable the similar experiments to be compared to monitor the affects of modifications 
without being too reliant on the nature or magnitude of the weather conditions. Table 
3.3 tabulates the air change rate difference for each experiment. 
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air 
experiment openings where covers change 
date data file were removed in modification made rate 
(1996) experiment difference 
(per hour) 
18`h March 0318set1 door, windows, all louvres none 8.80 
29th March 0329set2 door, windows none 0.17 
12th April 0412set2 door, windows carpet and 
door 
draught excluder fitted 
0.09 
15th April 0415setl right hand louvre dracarrp 
et and 
ddo 
r 2.79 
15th April 0415set2 all louvres carpet and 
door 
draught excluder fitted 
8.34 
carpet, door draught 
excluder fitted and 
3rd May 0503setl all louvres external permanent 1.12 
cover fitted to the 
louvres 
carpet, door draught 
all louvres (top and excluder fitted and 
3R May 0503set2 bottom blade of right hand external permanent 19.50 
louvre bank open) cover fitted to the 
louvres 
Table 3.3: Air Change Rates due to `Unsealed' 
Leakage Sites 
The first experiment, 0318setl, immediately highlighted that the leakage in the test 
cell was far too high at 9.45ach (even accounting for the relatively high background 
leakage of 0.65ach) and confirmed that modifications to the test cell were required. 
Comparison of adjusted air change rates in experiment 0318setl and 0329set2, from 
table 3.3, indicates that leakage at the door and windows is very small in relation to 
that at the louvres. The reason the louvres are larger leakage sites is because there are 
considerable air gaps at the ends of the louvre blades by virtue that the louvres are 
adjustable. However, it was considered prudent to first eliminate the draughts that 
could be physically felt around the door and through the floor. 
The traces of gas concentration decay rate for these two experiments, figure A-la and 
A-3a in appendix A, supported this action. The traces show that immediately after 
removing the covers the decay rate at the door is significantly greater than at other 
sampling points. Although, as time continues, the door sampling point decay rates 
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matches the rates at the other points. Consequently, carpet and door draught excluders 
were fitted. The reduction in the air change rate difference in experiment 0412set2 
from 0329set2 shows that the modifications did reduce the leakage, see table 3.3. 
At no time did the concentration traces highlight that leakage was occurring at the 
windows. With the door draught excluder and carpet fitted the door and windows were 
left unsealed for the duration of each of the subsequent experiments. This proved to be 
an acceptable procedure as the background leakage in subsequent experiments were 
always comparable with earlier experiments when the door and windows were sealed. 
The adjusted air change rate in table 3.3 for trail 0415set2 was still too high (8.34ach) 
even with the carpet and draught excluder fitted. The apparent fears of having 
insignificant air movement into the test cell, when the choice of openings was being 
considered (sub-section 3.3.1), were unfounded. In fact, the amount of leakage at the 
louvres suggested that one louvre bank could be obsolete. In experiment 0415setl 
only the right hand louvre bank (when viewed from inside the test cell) was uncovered 
giving leakage equivalent to 2.79ach; this was also too high. 
The important aspect raised by experiments 0415setl and 0415set2 was that 
modifications were needed to the louvres to: 
i) further reduce the leakage rates, 
ii) limit the amount of louvre used in the main experiments. 
It was decided that adequate air movement would be obtained for the main 
experiments with only the top and bottom blade of the right hand louvre bank (when 
viewed from inside the test cell) operational. Therefore, the intermediate blades were 
disconnected from the control bar, so they would remain shut at all times. Permanent 
perspex covers with seals were attached to the outside of the louvre banks to wholly 
cover the left-hand louvre bank and the non-operational blades of the right hand 
louvre bank. The only remaining leakage sites on the louvres were around the edge of 
the top and bottom operational louvres on the right hand bank. 
Experiments on the 3'd May sought to assess the impact of the final modifications. 
Experiment 0503setl gives the air change rate due to leakage with the louvres shut 
and experiment 0503set2 gives air change rate due to natural ventilation with the 
Chapter 3 TEST CELL 79 
louvres open. The air change rate for 0503set2 in table 3.3 has not been adjusted by 
the background leakage, as this experiment is not assessing leakage rates. 
The resulting air infiltration from experiment 0503setl is 1.12ach, which is an 
improvement but is still considered too high. However, during the main natural 
ventilation experiments the louvres will be open so they cease to become leakage sites 
and the 1.12ach determined becomes irrelevant. This effectively means the 
background leakage measured in the experiments reflects the air infiltration which 
will be experienced during the main natural ventilation experiments. The expected air 
infiltration in the main experiments, can be estimated by taking the average of the 
background leakage of all the experiments when the test cell was in a state similar to 
the `sealed' condition in experiment 0503setl. For example, louvres covered and 
carpet and door draught excluder fitted (experiments 0412setl, 0412set2 in 'sealed' 
and unsealed' condition, 0415setl &2 and 0503setl in 'sealed' condition from table 
3.2). The estimated air infiltration becomes 0.21ach. 
The air change rate of 19.50ach determined from 0503set2 suggests that using only 
the top and bottom blade of the right hand louvre bank will provide adequate air 
movement for the main investigations. The estimated air infiltration of 0.21ach (which 
is identical to the background leakage measured in experiment 0503set2) is a fraction 
greater than 1% of the `natural ventilation' air change rate determined in experiment 
0503set2. Consequently, the air infiltration associated with the modified test cell is 
deemed to be at an acceptable level. 
3.5.4 Conclusion 
The greatest source of air infiltration was around the louvre blades. Quantifying this 
air infiltration indicated that sufficient area of openings had been installed in the test 
cell to ensure adequate air movement for the main natural ventilation experiments. In 
fact, only the top blade and bottom blade of the right hand louvre bank (when viewed 
from inside the test cell) would be required as openings in the main experiments. The 
remaining louvre area was permanently sealed with an external cover. These 
modifications to the test cell, along with fitting a carpet and door draught excluder, 
reduced the air infiltration to a level (estimated at around 0.2lach) that is deemed 
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acceptable in relation to the natural ventilation air change rate experienced when the 
louvres open (19.5ach from experiment 0503set2). 
3.6 SUMMARY OF TEST CELL 
The test cell is a single-room portable building of lightweight construction sited in a 
sheltered in-fill location on the north side of the main laboratory block of the 
Department of Civil and Building Engineering at Loughborough University. The 
internal dimensions of the test cell are 2.22m high by 3.42m long by 2.93m wide; the 
short facade running east/west. The test cell comprises a door and single window in 
the south facade, a double window on the west facade and adjustable louvres with 
motor actuation mounted in the north facade; the east facade is blank. (The north 
facade strictly faces 30° away from magnetic north, so the line of the bulkhead runs 
from 60°N to 240°N). 
The openings in the test cell consist of the top and bottom louvre blades in the left- 
hand louvre bank when facing the north facade from outside the cell. The height 
between the openings is 1380mm. 
A weather station is located 1000mm out and 300mm above the north-east corner of 
the north facade measuring the local weather conditions. 
The floor of the test cell was carpeted and the door fitted with a draught excluder to 
minimise air leakage sites reducing the leakage to 0.21 ach. 
Although, the test cell is on the north side of the, considerably taller, main laboratory 
block and so sheltered from the sun, blinds were fitted to all windows to minimize any 
solar gain through the windows, and for security. 
Finally, the local wind pattern at the test cell resulted in wind predominantly in an 
easterly or westerly direction with a magnitude of approximately half the prevailing 
wind velocity. 
CHAPTER 
4 
INSTRUMENTATION & 
EXPERIMENTAL METHODOLOGY 
The previous chapter described the criteria for the selection of the test cell and 
characterised it in preparation for data collection. This chapter describes the 
instrumentation, the experimental methodology and lays down the preliminary ground 
rules for the analysis. 
4.1 PARAMETERS TO BE MEASURED 
In order to establish the instrumentation required the parameters to be measured need 
to be addressed. The aim of the research is to investigate the interaction between wind 
and internal/external temperature difference in single-sided natural ventilation with a 
view to develop a natural ventilation prediction model from full-scale measurements. 
Therefore, the parameters to be measured are required to quantify the driving forces 
and the resultant effect; namely inputs which dictate the wind effect, the stack effect 
and the natural ventilation rate. The main parameters that need to be measured become 
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self-explanatory. However, there are other parameters that are not so apparent. In any 
such experiment where data is being measured the parameters making up the data can 
be considered to be in three separate groups or categories: 
i) parameters which are known to be directly involved in the subject under 
investigation, 
ü) parameters that may have an impact on the investigation, 
iii) parameters that could be helpful in understanding the problem. 
The main parameters alluded to in the objective fall into the first category. The 
definition and qualification of the parameters to be measured are detail below in 
accordance with their envisaged category. 
4.1.1 Category 1 Parameters - those directly influencing 
Air Velocity at Openings (Natural Ventilation) 
The airflow is related to the velocity of air passing through the openings. Therefore, 
air velocity at the openings was measured to reflect the degree of natural ventilation 
but not necessarily the absolute quantity of natural ventilation. The ventilation rate, or 
the volumetric flow rate through the openings, can be simplistically taken as the 
product of the velocity at the opening and the area of the opening. This is not strictly 
accurate for a number of reasons. Due to practicalities the velocity was only measured 
a finite distant away from the openings and so introduces the vena contracta effect at 
the openings. This reduces or increases the effective area of the opening depending on 
the point the velocity was measured in relation to the direction of flow. Likewise, the 
direction and velocity of impinging wind could affect the vena contracta effect and, 
consequently, the effective opening area. Also, owing to the instruments available the 
velocity was only measured at one location across the opening in each experiment, 
which means the measurement would not necessarily represent the average velocity 
across the opening (this was investigated prior to the main experiment and data 
collection, see section 5.3). 
Despite these drawbacks the air velocity measurements would be consistent between 
experiments and their variation with respect to the changes in the driving forces (wind 
conditions and external/internal temperature difference) would exhibit the trends 
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under investigation. Additionally, the velocity measurements could be used to give a 
reflection of the ventilation rates. 
Wind Velocity & Direction (Wind Effect) 
The wind effect is generally attributed to a pressure difference across openings in a 
building (BS5925,1991 and CIBSE Guide, Section A4). The pressure distribution on 
the outside of the building is a function of several parameters; mainly the wind 
impinging on the building, the building shape, its location and surroundings. 
Consequently, for the experiments undertaken on the one test cell, where the location, 
shape of the buildings and surroundings are unchanged, the only variables affecting 
the pressure distribution are the wind velocity and direction. Ernest et al, 1992 
suggested the wind effect induced flow is not only a consequence of the pressure 
difference alone but also includes a momentum component of the incident wind. 
Measuring the local wind conditions incident on the test cell and recording the relative 
opening sizes in successive experiments will fully cater for whatever mechanisms are 
occurring within the wind effect. Consequently, the parameters measured to reflect the 
wind effect were wind velocity and direction. 
External & Internal Temperatures (Stack Effect) 
The stack or buoyancy effect induced natural ventilation is attributed to the density 
difference, resulting from the temperature difference, of the inside and outside air 
(BS5925,1991). The pressure difference causing the air movement across the opening 
is a function of the density differences and the height between upper and lower 
openings. The gas constant of air does vary for large pressure variations. However, for 
the pressure variations experienced in natural ventilation the gas constant of air is a 
constant value (certainly for the accuracy of the temperature measurements). 
Therefore, density can be taken as the inverse of the absolute temperature (CIBSE 
Guide, Section A4). Hence, the stack effect will be reflected by the measurements of 
the external and internal temperatures. 
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4.1.2 Category 2 Parameters - those that may be influencing 
Air Humidity & Atmospheric Pressure 
Psychrometrically, the state of air at a given pressure, can be fully described on the 
basis of knowing two out of a number of conditions; dry bulb temperature, wet bulb 
temperature, percentage saturation, moisture content, density, specific enthalpy and 
vapour pressure. Knowledge of the full air conditions could be useful to the analysis; 
for example, the density difference associated with the stack effect could be more 
accurately determined from the temperature measurements. 
The relative humidity and atmospheric pressure were measured external to the test cell 
to enable a full description of the air conditions. (Relative humidity can be used as a 
good approximation of percentage saturation because for conditions experienced in 
natural ventilation the variance between the two is small and inconsequential to the 
accuracy of the measurements made (Esstop and Watson, 1992). ) 
4.1.3 Category 3 Parameters - those that could be helpful 
Internal Air Velocity 
The internal air velocity measured at different heights throughout the test cell would 
be useful data to provide an indication of the internal airflow pattern. 
4.1.4 Summary of Parameters to be Measured 
The parameters to be measured are summarized below: 
i) air velocity and direction at openings .............. to reflect natural ventilation 
ii) wind velocity and direction ............................. to reflect wind effect 
iii) external and internal temperatures ................... to reflect stack effect 
iv) relative humidity and atmospheric pressure..... to enable full air conditions to 
be determined 
v) internal air speed ............................................. to aid understanding of air 
movement within the test cell 
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4.1.5 Credibilty of Measured Parameters 
Consider the parameters that are generally accepted to influence the air movement due 
to single-sided natural ventilation: 
i) wind velocity and direction, 
ii) building shape, 
iii) location of building including adjacent buildings, 
iv) external and internal temperature, 
v) air state, 
vi) size and type of openings, 
vii) height between upper and lower openings. 
Throughout the experiments the building shape and location and type of openings are 
constant. The size of opening and the height between openings can be controlled. 
Therefore, the only variables affecting the natural ventilation in the test cell are the 
wind velocity and direction, the external and internal temperatures and the air state. 
All of these parameters are being measured. 
4.2 INSTRUMENTATION 
The parameters summarized above were measured using three sets of equipment: 
i) Datahog2 weather station for wind velocity and direction, external 
temperature, atmospheric pressure and relative humidity, 
ii) BIRAL ultrasonic anemometers for air velocity and direction at the openings, 
iii) Dantec multi-channel flow analyser for internal air speed and temperature. 
Brief details of the instruments and equipment are described below while the detailed 
specifications are listed in appendix B. 
4.2.1 Datahog2 Weather Station 
The weather station comprised a5 channel Datahog2 data logger with integral 
thermometer and hygrometer, Mains Hog mains power supply, wind vane, 
anemometer and barometer. The wind vane and anemometer were mounted on 
opposite ends of a short bar that was centrally attached to the top of a mast. The mast 
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was fixed to a bracket mounted off the north facade of the test cell. The resulting 
location of the wind vane and anemometer was roughly 1000mm out from the north 
facade of the test cell and 300mm above the roof level. The logger, incorporating the 
thermometer and hygrometer, and the barometer were mounted on their own brackets 
projecting from the base of the mast. The thermometer and hygrometer were protected 
from direct sunlight by a solar radiation shield. Figure 4.1 shows the weather station 
arrangement. 
Figure 4.1: Location of DataHog2 weather station 
with sensors on test cell. 
The Datahog2 has associated PC driven software for tuning the data logging 
functions, monitoring the recorded data and downloading data. Once the settings have 
been chosen Datahog2 can operate as a stand-alone data-logging unit, disconnected 
from the PC. The only time the Datahog2 has to be coupled with a PC is for adjusting 
function settings and downloading data. The data storage capacity of Datahog2 is 
obviously fmite so the unit can be set to either stop logging data or overwrite the 
earliest data when the storage capacity is full. The time span covered by data when the 
storage capacity is full, therefore, depends on the number of sensors connected and the 
Chapter 4 INSTRUMENTATION & EXPERIMENTAL METHODOLOGY 87 
frequency of successive data storage events. However, a continuous weather record 
was taken by regularly downloading data to a PC before the storage capacity was full 
or before overwriting of data not yet downloaded had occurred. A short period of time 
existed when data could not be recorded because Datahog2 cannot log data while in 
download mode. 
4.2.2 BIRAL Ultrasonic Anemometers 
Two ultrasonic anemometers were available at the time of the experiments to measure 
the air velocity and direction at the upper and lower opening of the test cell. Each 
anemometers unit comprises the ultrasonic anemometer, the power supply interface 
unit (PSIU) and software. 
The anemometers have six ultrasonic transducers enabling them to provide a direction 
along with the magnitude of the velocity (BIRAL, 1991). Data processing and logging 
takes place in the anemometer itself. The PSIU provides power to the anemometer and 
acts as the interface to the PC. The software allows for tuning the data-logging 
functions, monitoring the recorded data and downloading data through a PC. The 
anemometer can provide data in MET mode or UVW mode. In MET mode the 
anemometer output is a horizontal velocity, the direction of that velocity, a vertical 
velocity and a maximum three second gust. The velocities measured in the test cell 
were around the limit at which the anemometer is unable to provide a direction while 
in MET mode. Therefore, the ultrasonic anemometers were always used in UVW 
mode where the data is provided 3-dimensionally as the three cartesian vectors U, V 
and W. 
The ultrasonic anemometers were positioned vertically, inboard of the louvre bank, in 
line with the upper and lower openings. The anemometer at the upper opening was 
designated ultral and at the lower opening ultra2. Figure 4.2 shows ultral in position. 
Ultra2 had to be mounted upside down to accommodate it in the space available above 
the floor. Although both anemometers were positioned in the heightwise centre of the 
openings they were off centre lengthwise (toward the centre-line of the test cell) 
owing to the louvre actuator motors causing a foul. 
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Figure 4.2: Location of ultrasonic anemometer 
(designated ultral) inboard of the 
operable louvre bank. 
Louvre Bulkhead 
W upwards U 
V 
Ultral 
Louvre Bulkhead 
UW downwards 
V 
U Itra2 
88 
Figure 4.3: Ultrasonic anemometer's velocity vector 
directions in relation to louvre bulkhead. 
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As ultra2 was positioned upside down the positive (+ve) direction of the three 
cartesian U, V and W vectors differed between the two anemometers (see figure 4.3). 
The V vector orientation was common to, both, ultral and ultra2; i. e. normal to the 
louvre bulkhead in the horizontal plane with +ve direction inward, away from the 
louvres. The U vector runs parallel to the louvre bulkhead in the horizontal plane and 
for ultral the +ve direction is toward the east bulkhead of the test cell and for ultra2 
+ve direction is toward the longitudinal centre line of the test cell. The W vector acts 
in the vertical plane, +ve being upward for ultral and downward for ultra2. 
4.2.3 Dantec Multi-Channel Flow Analyser 
The multi-channel flow analyser can measure air speed and temperature at up to 24 
points simultaneously: the air velocity measured is omni-directional; i. e. only 
magnitude and not direction of the velocity can be measured. The equipment 
comprises 24 air speed/temperature sensors, multi-channel flow analyser and 
software. The 24 sensors were mounted horizontally on 4 masts to measure the air 
velocity and temperature at 6 different height levels within the test cell in 4 different 
locations. Figure 4.4 shows a sensor located on a mast. 
Figure 4.4: Dantec air velocity/temperature sensor 
mounted horizontally on a mast. 
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The top sensor on each mast was in-line with the upper opening and the 5t' sensor on 
each mast (numbered from the top) was in-line with the lower opening. The 2nd, 3rd, 
and 4t` sensors were equally spaced between the top and the 5t' sensor, the 6t' sensor 
was equidistant from the 5thsensor and the floor, as can be seen in figure 4.5. 
Mast 
Mid height of upper opening 
E 
Sensing 
Elements N 
E 
E 
U, 
Protective E 
Shroud 
Mid height of lower opening 
E 
Sensor 
Support 
E Base 
Floor 
Figure 4.5: Dantec air velocity/temperature sensors 
mounted horizontally in groups of 6 on a 
support mast. 
Two of the masts were located near the louvre bulkhead adjacent to the openings, the 
other two were located further into the test cell away from the louvres; the exact 
location was established through preliminary measurements. The sensors were 
numbered from the top of the masts; 1 to 6,7 to 12,13 to 18 and 19 to 24. 
Connecting the Dantec multi-channel flow analyser to a PC allows the equipment to 
be driven through the PC and measured data to be downloaded to the hard drive of the 
Chapter 4 INSTRUMENTATION & EXPERIMENTAL METHODOLOGY 91 
PC after each sampling period. It also enables the measurements from all channels to 
be monitored simultaneously either in tabulated or graphical format. 
4.2.4 Summary 
The test equipment, therefore, comprises the Dantec multi-channel flow analyser with 
sensors and a PC. Two ultrasonic anemometers with their own power supply each 
linked to their own PC's and the Datahog2 data logger and sensors, representing the 
weather station, with its own Mains Hog power supply. Datahog2 was connected to 
one of the PC's serving the one of the ultrasonic anemometers to download weather 
data as and when required. 
In addition, a thermostatically controlled convective heater, of maximum 2kW 
capacity, was located in the centre of the test cell as an extra heat source, so that an 
increase in the external/internal temperature difference could be artificially generated. 
The heater was too far from the louvre openings to effect the flow measurements at 
the louvres. 
4.3 IMPACT OF INSTRUMENT ACCURACY ON THE 
MEASUREMENTS 
All instrumentation used throughout the experiments had been calibrated. The 
Datahog 2 and ultrasonic anemometers had been factory calibrated. One Dantec 
sensors was factory calibrated as a reference sensor and the others sensors were 
calibrated against the reference. The stochastic nature of the parameters being 
investigated dictate that patterns of events are important rather than absolute values. 
The objective of the main experiments was to investigate the influence of wind on 
single-sided natural ventilation by full scale measurement with a view to develop a 
prediction model, hence, trends and patterns were being sought rather than definitive 
values. However, good data is still required for model fitting. The important criterion 
for data measurement was deemed to be consistency. Consistency in the experimental 
methodology, data acquisition sampling time, the test environment and location of the 
sensors is paramount when the parameters under. investigation are random or 
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generated by random occurrences. The equipment specifications showing accuracy of 
the measurements are shown in appendix B. 
4.4 EXPERIMENTAL METHODOLOGY 
Natural ventilation is subject to the randomness of the weather conditions, 
consequently, various criteria need to be addressed to ensure that credible data is 
recorded in the experiments. 
4.4.1 Data Acquisition Sampling Time 
The random nature of the wind causes the air movement resulting from natural 
ventilation to be extremely non-steady, random, stochastic. Therefore, in order to 
avoid data being obscured by continuous, rapid, apparently random fluctuations the air 
velocity measurements need to be averaged, or sampled, over a long enough time 
period such that "noise" due to the rapid fluctuations does not affect the recorded data. 
The Dantec equipment was considered to be the most sensitive and was used as a 
basis for determining an acceptable sampling time: the sampling time is denoted as 
integration time (IT) on the Dantec multi-channel flow analyser. 
Sensors were attached to all 24 channels of the analyser and data was recorded for 
IT's ranging from 10 seconds to 150 second; six sets of data were recorded for each 
IT. The recorded data is tabulated in appendix C. The data was recorded as quickly as 
is physically possible so to reduce the influence of varying driving conditions on the 
velocity measurements. The analyser records a velocity for each second then 
calculates and displays a mean over the chosen IT. Visual inspection of bar plots of 
the calculated mean velocity for each channel showed that above 60 seconds IT the 
mean velocity on any particular channel was comparable with the mean velocity 
recorded for the same channel in subsequent data sets. This suggests that the "noise" 
of the rapid fluctuations had been reduced to acceptable levels at these higher IT's. 
In order to quantify this observation the results for each IT were further analysed by 
considering the variation of the mean velocities recorded at each channel for each IT. 
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The data set for one IT contains six mean velocity readings for each of the 24 
channels. The standard deviation of the six mean velocity readings was calculated for 
each channel and then these 24 standard deviations were averaged to give a mean 
standard deviation. This procedure was repeated for each IT data set resulting in a 
mean standard deviation for each IT considered. A plot of the mean standard deviation 
against IT (figure 4.6) shows the mean standard deviation on a diminishing downward 
trend above an IT of 150 seconds. However, it was considered that the variation of 
mean velocities was sufficiently small with an IT of 90 seconds and little would be 
gained having a longer IT. 
Figure 4.6: Relationship between the mean standard 
deviation of subsequent data sets of 
Dantec air velocity readings against 
integration time. 
The Dantec analyser also has a pause time, or down time, when it performs the 
necessary calculations and transmits data to a PC. The minimum pause time is 30 
seconds, therefore, the Dantec equipment can be assumed to sample data in 2 minute 
segments. Datahog2 measuring the weather data and the ultrasonic anemometers 
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measuring the air velocity at the openings were also programmed to average data over 
2 minute samples. 
4.4.2 Length of Experimental Runs 
Observation of the weather station confirmed that the wind conditions were far from 
stable, even when averaging data over 2 minute samples. Therefore, experiments were 
to be run over as long periods as possible, with as many repeats as possible, to obtain 
sufficient amounts of comparable data for analysis. All data was to be archived on 
1.44Mb floppy discs for data transfer to a Sun workstation so the limiting factor on an 
experimental run was the size of the largest data file generated by the instruments 
used. The Dantec equipment generated the largest raw data files; 12 hours of data 
sampling the 24 channels over the specified sampling period created a data file in the 
region of 1.38Mb. Therefore, experiments would generally be run over 12hour 
periods. 
4.4.3 Stable Test Environment 
Another consequence of the stochastic wind conditions, and the resulting effects, was 
the desire to eliminate unnecessary complications in the experiments; i. e. the presence 
of personnel. All the test equipment, with the obvious exception of the weather station 
incorporating Datahog2, is housed inside the test cell along with the three associated 
PC's. The length of the experiments, and the choice of equipment, dictate that all 
parameters need to be, and can be, measured and logged automatically. Therefore, the 
experiments can be set to initiate with the test cell vacated of personnel and can be 
undertaken without further manual intervention. Consequently, the test cell becomes a 
stable environment with regard to eliminating unwanted entry by personnel during the 
experimental runs. This eradicates spurious data and delays for settling conditions due 
to the entry to or exit from the test cell and avoids the added complication, in the 
analysis, of accounting for the sensible and latent heat generated by the personnel 
recording the data. 
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4.4.4 Experimental Records 
The final aspect to be considered regarding the random wind conditions relates to the 
quantity of data recorded. Inter-relational analysis of parameters involved in natural 
ventilation can only be achieved, with any confidence, if a significant quantity of data 
supporting comparable conditions is available. It was envisaged that repetitive 
experiments would be undertaken resulting in copious amounts of data. Therefore, an 
experiment record sheet was devised to control the data. It recorded date and time of 
the experiment, the filenames assigned to data files, the status of heat sources within 
the test cell, sensor location and louvre position. 
4.5 PRESENTATION OF DATA FOR ANALYSIS 
Measurements recorded by the different equipment were stored in differing formats. 
The data needed a certain degree of manipulation to obtain a suitable format for 
analysis. 
4.5.1 Data Storage and Transfer for Analysis 
All data recorded could be downloaded to PC's then stored on floppy discs; filenames 
reflected the date of the experiment. Data files from Datahog2 and the ultrasonic 
flowmeters can easily be imported into Microsoft Excel spreadsheet for manipulation 
as required. The data files generated by the Dantec Analyser needs further 
manipulation before it is in a suitable format for importing into spreadsheets. The 
basic Dantec files consists of a string of data and text in one line for all channels in 
operation. An in-house programme, already developed, split the data into individual 
files for each channel. Simple analysis could be performed on spreadsheets, however, 
for more extensive and powerful analysis the data was transferred to Matlab data 
analysis software on a Sun workstation. 
In order to load into Matlab, the data files must only contain numeric characters and 
no text. The individual Dantec channel files, generated by the in-house software, were 
suitably formatted for direct import into Matlab. Download of data from Datahog2 
was basically a scrolling screen dump, which means that text as well as data is 
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contained in the weather station data files. Therefore, the Datahog2 files imported into 
Excel had to be purged of text manually then the raw data saved as text (tab delimited) 
files suitable for Matlab to import. 
An additional problem existed with the ultrasonic anemometer data files resulting 
from their own downloading software. Data could be automatically downloaded to PC 
from the PSIU's on a regular basis while the anemometer was recorded. This was 
performed regularly to ensure no loss of data in case of equipment failure. However, 
inspection of the measurements showed that at the download time, although not in 
every case, a duplicate data set was inserted with spurious measurements; hence, at 
some time entries there were to two sets of data, one showing good readings and one 
showing spurious values. Unfortunately, the order in which the good and spurious data 
appeared was not consistent so the data had to be inspected manually on Excel to 
remove the corrupt data. As with the Datahog2 files the ultrasonic anemometer files 
could then be saved as text (tab delimited) files for Matlab. 
4.5.2 Data Manipulation 
Data from each experiment was collated into 27 files for importing to Matlab. One file 
for the weather station (Datahog2), one file each for ultral and ultra2 (velocity 
measurements at the openings) and 24 files for each channel of the Dantec analyser 
(air speed and temperature measurements throughout the test cell). The files comprise 
the following data for each time step: 
Datahog2: end time of sampling period 
wind velocity 
wind direction 
external temperature 
humidity 
atmospheric pressure 
Ultral & 2: end time of sampling period 
U vector velocity 
V vector velocity 
W vector velocity 
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Dantec: end time of sampling period 
air speed 
internal temperature 
In Matlab the two ultrasonic anemometer data files were combined into one file and 
the 24 Dantec files were combined into one file. Hence, the data for each experimental 
run was located in three data files; one for Datahog2, one for the two ultrasonic 
anemometers and one for the Dantec analyser measurements. 
The time on the different sensor logging software could be synchronized, however, the 
format in which the time was recorded was different for the Dantec equipment than 
that for the Datahog2 and ultrasonic anemometer dataloggers. Consequently, the time 
was standardized during the process of reducing the initial 27 files to the three files 
referred to above. At this instance, the 59 measurements taken for each sampling 
period of an experiment could be related to a specific time in the experiment. (59 
measurements made up from 5 readings from Datahog2,3 each from the ultrasonic 
anemometers and 48 from the Dantec sensors. ) The data was now in a suitable state 
to combine into one file for ease of analysis. A routine was written to merge the three 
equipment data files for each experiment giving one file of data for each experimental 
run. 
A further routine was written capable of creating various data files containing 
measurements from one, some or all of the experiments undertaken in a set of 
experiments. Not only could the routine combine all data from a chosen experimental 
run but it could also extract measurements on the basis of any wind direction range 
and wind velocity range chosen. For example, measurements from all experiments, for 
all wind directions and wind velocities could be combined into one data file 
containing 59 measurements for each sampling period covering up to over 10,000 
sampling periods. Conversely, measurements could be extracted where no wind was 
present. 
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4.6 PRELIMINARY GROUND RULES FOR THE ANALYSIS 
Some common actions had to be applied or considered when analysing the measured 
data. These actions are addressed here for future use in the various analyses. 
4.6.1 Ultrasonic Anemometer Velocity Correction 
The support framework holding the anemometer's ultrasonic transducers intrudes into 
the measuring field of the instrument. A speed calibration curve (figure 4.7), provided 
by the manufacturer, allows a constant correction factor to be applied to the velocity 
measurements recorded. The appropriate correction factors were applied to the 
velocity measurements prior to any analysis. The U vector direction acts 30° from a 
support arm giving a correction factor of 1.026 and the V vector direction acts in line 
with a support arm giving a correction factor of 1.078 for 01 deviation from the 
support arm. 
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Figure 4.7: Ultrasonic anemometer speed calibration 
curve. 
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4.6.2 Wind Direction Data 
Care must be taken when averaging wind direction data. When the wind is either 
veering or backing around ON the wind direction measurements can vary from, say, 
350°N to 45°N and back to 340°N. If a straight average was taken of these 
measurements the average wind direction would be 245°N - obviously an incorrect 
average direction; i. e. 
350+45+340 
_ 245 3 
The data has to be manipulated so that 360° is taken from the numerical measurement 
when the wind is backing from an angle east of north to west of north and 360° is 
added to the measurement when the wind is veering from west of north to east of 
north prior to averaging. In the above example (where the wind veers from 350°N to 
45°N then backs to 340°N) the 45°N measurement would become 405°N. The average 
wind direction would then be calculated from 350°N, 405°N and 340°N, giving an 
average of 365°N; i. e. 
350+405+340 
_ 365 3 
The final value may fall outside the numerical range of 0°N to 355°N, as in this 
instance. Therefore, as required the final value could be re-adjusted to fall between 0° 
and 355°N; i. e. 5°N in the example shown. 
4.6.3 Air Velocities and Direction from Ultrasonic Anemometers 
Regardless of the location of the ultrasonic anemometers they were positioned so the 
U and V vectors lay in the horizontal plane with W vector giving the vertical velocity 
component of the airflow. Consequently, the horizontal and 3 dimensional component 
of velocity were calculated from the UVW components as required. 
Horizontal Component 
Calculated from the square root of the sum of the squares of U and V velocity 
readings: 
Horizontal velocity = 
FU2 -+V2 (4.1) 
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Knowing the orientation of the anemometer from magnetic north the direction of the 
horizontal velocity could also be derived from the magnitude of U and V velocities. 
3D Component 
Similarly the 3D velocity can be calculated: 
3D velocity = U2 + V2 + W2 (4.2) 
N. B. The vertical component of velocity (W velocity) in the experiments was found 
to be small and in general the 3D velocity was fundamentally the same as the 
horizontal velocity. 
4.6.4 Averaged Velocity Readings 
Although, raw velocity measurements would be used in data analysis to develop a 
prediction model, smoothed velocity measurements are useful for visual comparisons. 
A plot of raw velocity measurements against time exhibits the characteristics of an 
oscilloscope trace due to the fluctuations associated with airflows and consequently do 
not give a very good visual indication of trends in the measurements. Figure 4.8 shows 
a typical plot of the raw air speed measurements recorded by a Dantec air 
speed/temperature sensor located at the louvre opening. 
Smoothed velocity readings were used to help locate the ultrasonic anemometers and 
assess the flow through different parts of the louvre openings and to help determine 
the Dantec sensors that provided the internal temperature measurements used for the 
quantification of the stack effect driving force (see chapter 5). In order to observe the 
trends of velocity against time the velocities at each time step were averaged with a 
set number of readings before and after the time step. This results in the smoothed 
velocity trace with a reading at each time step of the original trial. Only readings at the 
start and end of the trial are lost where there are no measurements before or after the 
time step to be averaged. 
It was identified by observation that the best fit to the raw trace was achieved by using 
averaged readings from the previous time steps and raw measurements from future 
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time steps instead of raw measurements each side of the chosen time step. For 
example, at time step t the averaged velocity over 7 readings becomes: 
ut-3 + Ut-2 + ut-I + Ut + Ut+l + Ut+2 + Ut+3 
(4.3) 
7 
where, u is the raw velocity readings of future time steps and 
u bar is the averaged velocity readings for previous time steps. 
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Figure 4.8: Example of air velocity trace from raw 
data measurements superimposed with 
smoothed readings. 
The heavier black line on figure 4.8 shows the corresponding trace of smoothed 
measurements where the data has been averaged over 11 samples. Averaging over 11 
samples was found to retain the trend of the measurements without 'flattening' the 
trace excessively. 
Smoothed, or averaged, data was only used where trends and comparative information 
was sought; for example when investigating the location of the ultrasonic 
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anemometers (chapter 5). The main analysis to investigate the influence of wind was 
carried out on raw data. 
CHAPTER 
5 
MEASUREMENTS 
The final stage in the test cell selection and preparation process is characterisation of 
the measurements. This is to ensure the location of the sensors provide measurements 
that are pertinent to the investigation being undertaken. The characterisation 
comprised a number of minor experiments: 
i) investigation of the wind immediately outside the louvre opening in relation 
to the local weather station, 
ü) assessment of suitable internal temperature measurement, 
iii) assessment of airflow through the openings, 
iv) temperature stratification within the test environment. 
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5.1 WIND VELOCITY IMMEDIATELY OUTBOARD OF THE 
LOUVRE OPENINGS 
104 
The experiment was undertaken simply to compare the airflow impinging on the test 
cell at the louvre bulkhead with the wind velocity measured at the local weather 
station. One ultrasonic anemometer (ultra2), operating in UVW mode, was positioned 
immediately outboard of the louvre bulkhead, at the height of the upper opening, to 
measure the airflow at the louvres, figure 5.1. The top and bottom louvre of the right- 
hand louvre bank (when viewed from inside the test cell) was fully opened to ensure 
air was flowing into and out of the test cell. Data were recorded over three, one hour 
long experiments over a two-day period (4t' and 5thJune 1996). 
Top of Test Cell 
300mm 
Opening 
Blade 
Top Louvre 
Set 
Bottom Louvre 
Set 
Centre of measuring section 
in line with centre of opening 
Ultrasonic Anemometer 
(ultra2) 
Perspex cover 
Figure 5.1: Location of an ultrasonic anemometer 
(ultra2) immediately outboard of the 
louvre opening. 
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5.1.1 Results 
The wind velocity measured by the weather station's 3-cup rotor anemometer 
effectively measures the horizontal component of the wind velocity. Therefore, the U 
and V velocity components from the ultra2 were combined to give a horizontal air 
velocity component. Figure 5.2 compare the wind velocity measured by DataHog2 
and ultra2 for the three different and independent experiments. 
In every case the air velocity measured at the louvre generally follows the trend of that 
measure at the local weather station but at a reduced magnitude. A plot of velocity 
measured at the louvre against that measured at the local weather station, for all three 
trials, confirms the linear relationship between the two measurements, see figure 5.3. 
The resulting velocity at the louvre bulkhead is approximately half the local wind 
velocity over the range of wind speeds measured. 
5.1.2 Conclusions 
Ultra2 was positioned at the level of the upper louvre opening, at least 300mm away 
from the outside surface and the top and bottom louvres were fully opened. The 
position of ultra2 is too distant from the louvre opening, in this instance, to measure 
the flow path through the louvre. Therefore, airflow measured by ultra2 simply 
reflects the local wind pattern immediately outboard of the louvres. 
Consequently, the results indicate that wind speed in close proximity to the louvre 
bulkhead follows the trends of the local 'undisturbed' wind but at half the magnitude. 
The reduced magnitude is expected as the wind is slowed down close to the surface 
over which it is flowing, through impinging on the louvre bulkhead and viscous 
forces. 
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Figure 5.2: Comparison of wind velocity measured 
by the weather station and immediately 
outboard of the louvres on 4'h& 5`h June 
1996. 
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Figure 5.3: Relationship between wind velocity 
measured immediately outboard the louvre 
and at the local weather station based on 
data from 3x1 hour periods over 2 days. 
5.2 INTERNAL TEMPERATURE MEASUREMENTS 
The magnitude of the internal temperature has great significance in single-sided 
natural ventilation as, along with the external temperature, it reflects the magnitude of 
the stack effect driving force. The Dantec sensors used for internal temperature 
readings also provide omni-directional air speed measurements and will give an 
indication of the internal airflow pattern in addition to the temperature. Therefore, the 
location of sensors must consider both airflow pattern and temperature measurement 
requirements. An assessment needs to be made to select the most suitable sensors to 
provide the internal temperature measurements. 
5.2.1 Sensor Location 
Numerous experiments were undertaken to provide the necessary information; i. e. an 
indication of the airflow pattern and the internal temperature. Configurations of the 
sensors investigated are shown in figures 5.4a to c. 
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Figure 5.4a: Example of sensor locations in test cell to 
establish most suitable configuration.. 
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Figure 5.4b: Example of sensor locations in test cell to 
establish most suitable configuration. 
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Figure 5.4c: Example of sensor locations in test cell to 
establish most suitable configuration. 
The Dantec sensors are mounted on 4 masts, 6 sensors per mast located at different 
heights on the mast. Throughout the experiment the two operable louvres (top and 
bottom louvre of the right-hand louvre bank when viewed from inside the test cell) 
were fully open; motor actuator return signal of 2volts. 
Simple observation of airflow measurements from the Dantec sensors indicated that 
two masts containing the sensors should be close to the louvres to provide good 
temperature measurements of incoming and outgoing airflow (see sub-section 5.2.2). 
The location of the second pair of Dantec sensor masts was less critical for 
temperature measurements. They would be used to give an indication of the general 
airflow pattern within the test cell and, so, were located on the transverse centre-line 
of the test cell either side of the longitudinal centre-line. Figure 5.5 shows the final 
sensor configuration chosen for the main experiments. 
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Figure 5.5: Plan view of sensor locations in test cell 
used in the main experiments. 
Figures 5.6a to d show examples of plots of air speed recorded close to the louvres 
(channels 1 to 12 in figures 5.6a and b) and in the middle of the test cell (channels 13 
to 24 in figures 5.6c and d), recorded on 14th November 1996 as part of the main 
experimental data. The figures are plotted on the same scales so the difference in the 
air movement close to the louvre and in the centre of the test cell can be easily seen. 
The airflow pattern well within the test cell (figures 5.6c and d) is fairly even 
regardless of height and considerably more stable than that close to the louvres (figure 
5.6a and b). The accuracy of the sensors over the velocity range recorded is ±0.01 m/s. 
The comparison of the airflow patterns at the louvres and at the centre of the test cell 
helps to establish the most suitable sensors to provide the necessary internal 
temperature measurements which are representative of the stack effect driving forces. 
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Figure 5.6a: Air speed measurement close to and 
inboard of the louvre (Dantec channels 1 
to 6), recorded 14/11/96. 
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Figure 5.6b: Air speed measurement close to and 
inboard of the louvre (Dantec channels 7 
to 12), recorded 14/11/96. 
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Figure 5.6c: Air speed measurement close to and 
inboard of the louvre (Dantec channels 13 
to 18), recorded 14/11/96. 
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Figure 5.6d: Air speed measurement close to and 
inboard of the louvre (Dantec channels 19 
to 24), recorded 14/11/96. 
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5.2.2 Internal Temperature Measurements 
The Dantec air speed/temperature sensor location corresponded with 4 locations at 6 
height levels. Two of the locations were close to the opening louvres while the other 
two locations were in the middle of the test cell each side of the longitudinal centre 
line (see figure 5.5). Observations of the Dantec air speed measurements, from figures 
5.6a and d, suggests that the air movement is fairly uniform in the middle of the test 
cell while the sensors close to the louvres reflect the airflow entering and leaving the 
cell. 
The impact of the incoming air is shown in figure 5.6a and b by the relatively high 
magnitude of the airflow measured by channel 5 and 11 sensor, which are adjacent to 
the lower louvre opening. The airflows for the other channels are significantly lower 
with the flow measured at the upper louvre, providing an indication of exiting air 
(channel 1,2,7 and 8) and below the lower opening measuring the sinking incoming 
cool air (channel 6 and 12) being the next highest flow rates. The relatively low 
magnitude air movement distant from the louvre, shown in figure 5.6c and d, confirms 
the opening does not directly influence the airflow well away from the louvres. 
Therefore, the internal temperature used to represent the stack effect driving force in 
the main analysis will initially be calculated from the temperature measurements 
recorded local to the louvre openings; i. e. calculated from the average of the 
temperature measurements recorded by channels 1 to 12. 
5.3 AIRFLOW THROUGH THE OPENINGS 
In order to measure the velocity of air passing through the louvre openings the 
ultrasonic anemometers should be located as close to the openings as practically 
possible. Figure 5.5 identifies the chosen location of the anemometers - the offset 
from the lengthwise centre of the openings is due to the motor actuator and control 
gear for opening the louvres. The limitation of only having two ultrasonic 
anemometers means that only velocity at one point along the length of the openings 
could be recorded. Hence, the flow of air through the openings at different points 
along their length needed to be assessed to confirm whether measurement at one 
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location in the opening was adequate to indicate the flow through that opening. In 
addition a check was made on the ultrasonic anemometers to establish if they were 
recording air velocities to the same magnitude. 
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Figure 5.7: Different positions of ultrasonic 
anemometer along the length of the louvre 
openings. 
Chapter 5 MEASUREMENTS 
5.3.1 Air Velocity at the Openings 
115 
Three experiments were undertaken with the velocity measured at different locations 
along the length of the openings, designated location 1,2 and 3. The particular 
locations are shown in figure 5.7. 
The raw velocity readings from each of the experiments were smoothed to provide a 
clearer indication of air velocity for comparison purposes. The traces of velocity 
recorded for each location is shown in figures 5.8a to c. The plots show the velocity 
recorded in the three locations follow similar trends. The magnitude of upper and 
lower opening velocities are of the same order regardless of the location at which they 
were measured and the relative magnitude between upper and lower opening 
velocities for the same location are similar. Overall, the comparison suggests there is 
no, or insignificant, importance to the location of the ultrasonic anemometers along 
the length of the louvre. 
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Figure 5.8a: Air velocities measured by ultra] and 
ultra2 at upper and lower openings 
respectively in location 1, recorded 
14/11/96. 
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Figure 5.8b: Air velocities measured by ultral and 
ultra2 at upper and lower openings 
respectively in location 2, recorded 
20/l/97. 
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Figure 5.8c: Air velocities measured by ultral and 
ultra2 at upper and lower openings 
respectively in location 3, recorded 
28/1/97. 
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5.3.2 Comparison of Air Velocity Magnitudes Recorded by Ultrasonic 
Anemometers 
The airflow through the openings is influenced by the vena contracta effect (see figure 
5.9). With an internal temperature higher than the external temperature, the airflow 
will be into the test cell at the lower opening and outward at the upper opening. 
Therefore, as both lower and upper velocities are measured inboard of the louvres a 
difference in the readings was envisaged due to the difference in effective area of each 
opening (see below - Vena Contracta Effect on Inboard Velocity Measurements). 
The differences of the ultral and ultra2 velocity magnitudes observed in figures 5.8a 
to c were investigated to establish whether the differences in the velocity 
measurements at the upper and lower openings were purely a result of the vena 
contracta effect or, in addition, due to ultrasonic anemometers themselves (i. e. one 
anemometer reading higher than the other). 
direction of flow ---º 
Note: Au > Al 
Upper Opening 
x 
Q 
location of velocity 
measurement 
path of fluid flow (showing 
vena contracta effect) 
14 direction of flow 
Lower Opening 
Figure 5.9: Effect of vena contracta on position where 
velocity of airflow through an orifice is 
measured. 
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Vena Contracta Effect on Inboard Velocity Measurements 
Assuming all air enters and leaves the test cell via the louvre openings (i. e. 
no leakage) mass continuity relates the airflow through each opening as: 
Pe,, (5.1 
where, pe & p; = density of outside and inside air (kg/r') 
Cdl = discharge coellicient oflower louvre 
Cet = entry coefficient cif upper louvre 
A= ettcctivc area of opening (m2) 
v= velocity through opening (m/s) 
subscripts I&u refer to lower and upper opening 
Even with an internal/external temperature diflcrence of 10°(' the external 
air density is only in the region of' 1.035 times that cif the internal density, 
therefore, the variation in densities can he ignored fier this example. 
Similarly, for simplicity, the discharge and entry coefficients can be taken 
as equal Ibr the explanation. I fence, equation 5.1 can he reduced to: 
A, v, = Av,, (5.2) 
Figure 5.9 shows the effective area at the lower opening (Ai) occurs at the 
throat of the convergent flow path through the opening, whereas, the upper 
opening effective area (AU) occurs in the divergent part oFthc flow stream. 
Consequently, the effective upper opening area is larger than the lower 
opening area and, conversely, the upper velocity will be smaller than the 
lower velocity. 
- ------ -- ------- 
Resu Its 
118 
I he ultrasonic anemometers were positioned in location I of' figure 5.7 but ultra? 
measured the velocity at the upper opening and ultra1 at the lower. I'hc results are 
shown in figure 5.10. 
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Comparison of figures 5.8a and 5.10 shows that the velocity measured at each opening 
is of a similar magnitude regardless of which anemometer was used to take the 
measurements. This suggests that the difference in velocity observed at the upper and 
lower opening is purely a result of the vena contracta effect and is not a consequence 
of the ultrasonic instruments themselves. 
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Figure 5.10: Air velocities measured by ultra I and 
ultra2 with their locations reversed in 
relation to figure 5.8a, measurements 
recorded 19/ 1 /97. 
5.3.3 Conclusions 
The characteristics of the velocity measurements at the upper and lower openings 
were consistent regardless of which ultrasonic anemometer recorded the 
measurements and regardless of the location at which the measurements were taken 
along the length of the openings. There was no conclusive evidence that the 
magnitude of flow at one location is larger than at any other and it was considered that 
consistent use of one location for the ultrasonic anemometers throughout the main 
experiments would remove any discrepancy that might exist. 
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5.4 TEMPERATURE STRATIFICATION 
The experiment was undertaken to investigate the temperature variation with height 
adjacent to, and distant, from the louvre bulkhead within the test environment to 
provide an indication of temperature patterns and penetration of airflow due to the 
natural ventilation. The data measured would be retained as independent from 
measurements used to undertake the main investigation and generate the prediction 
model, to act as data to validate the model. 
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Figure 5.11: Dantec air velocity/temperature sensors 
mounted horizontally on a support mast 
for temperature stratification 
investigation. 
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5.4.1 Temperature Measurements 
The Dantec air velocity/temperature sensors were located on 2 masts, 12 sensors per 
mast at varying heights, figure 5.11, in order to give a finer resolution of temperature 
variation with height than would be achieved with 6 sensors per mast. Channels 1 to 
12 were located close to the openings and channels 13 to 24 were located in the centre 
of the test cell; see figure 5.12. The lowest channel number was at the top of the mast, 
so, channels 2 and 10 were located roughly at the height of the upper and lower 
openings respectively; heights of 1.93m and 0.55m. 
X Ultral &2 
0 Dantec sensors 
All dimensions 
in mm 
Figure 5.12: Plan view of sensor locations in test cell 
for temperature stratification experiment. 
Discussion on the weight of the structure of the test cell (sub-section 3.1.2) 
highlighted the decision to have a certain degree of control over the internal/external 
temperature difference. A thermostatically controlled convector heater was used so 
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that different levels of internal/external temperature difference could be achieved in 
different experiments. For the temperature stratification experiments, three 
experimental runs were undertaken with the heater on full power, half power and off, 
giving three situations with different magnitudes of maximum internal/external 
temperature difference. The baseline heat load in the test cell, for all experiments, 
constitutes the wild heat generated by the measuring equipment and associated PC's. 
The heat generated from the heater reflects the additional load applied to the test cell 
for purposes of the experiments. Therefore, the heater status refers to the additional 
heat load applied to the test cell above the baseline heat load. 
5.4.2 Results 
Twenty four internal temperature measurements were recorded every 2 minutes for 
the duration of each experiment. The temperatures are relatively stable compared to 
the air velocity readings, so hourly averages temperatures were calculated for each 
channel in order to reduce the quantity of the data displayed in the results. The hourly 
averaged temperature measurement at each channel was plotted against the height at 
which it was recorded. Consequently, two plots were generated for each hour of the 
experimental run showing the temperature stratification at the two measuring 
locations. The plots are shown in appendix D; figure D-l a and b, D-2a and b and D-3a 
and b for full heat, half heat and no heat conditions respectively. 
The stability of the temperatures over the duration of the experiments can be seen 
from the hourly plots in appendix D. Therefore, for ease of comparison the results 
were further reduced by averaging the hourly averages over the duration of the 
experiments. Figure 5.13a to c shows the resultant plots for the three experiments, full 
heater power, half heater power and no heat respectively. 
5.4.3 Discussion 
The results are as expected - the temperature of the air in the test cell increases with 
greater height. With no heat source in the test cell (figure 5.13c) the temperature 
stratification at the louvre opening and in the centre of the space is both similar and 
more linear with height than when additional heat is present (figures 5.13a and b). 
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Figure 5.13a: Variation of test cell internal temperature with 
height close to the louvre openings - heater on 
full. Measurements recorded on 12/02/97. 
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Figure 5.13b: Variation of test cell internal temperature with 
height close to the louvre openings - heater on 
half. Measurements recorded on 13/02/97. 
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Figure 5.13c: Variation of test cell internal temperature with 
height close to the louvre openings - heater off. 
Measurements recorded on 12/02/97. 
A slightly more marked drop in the decreasing temperature with height close to the 
openings can be seen at the lower opening; measured by channel 10 at the height of 
0.495m in figure 5.13c. With the heater on full and half power the sharp drop in the 
temperature at the lower louvre opening near the louvres is more pronounced. This 
drop in temperature reflects the mixing of the internal air with the cooler incoming air 
entering the test cell at the lower opening. When the heater is 'on' the temperature 
difference between inside and outside is higher resulting in a greater induced stack 
effect natural ventilation rate. Correspondingly, the cooling effect of the incoming air 
is greater and the drop in the temperature internal to the lower opening becomes more 
defined, as can be seen in figures 5.13a and b. However, in the centre of the test cell 
the temperature stratification is, again, linear with height (see figure 5.13a and b for 
full and half heater power respectively). 
Table 5.1 tabulates various calculated temperatures from the experiments deemed 
useful for analysis of the results; i. e. the average internal and external temperatures, 
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internal/external temperature differences and the change in temperature across the 
height of the test cell. 
heater status 
full power half power off 
average external temperature (°C) 8.78 3.15 12.03 
average internal temperature (°C) 18.75 12.53 14.72 
temperature difference of intemal/extemal 97 9 38 9 2 69 
average temperatures (°C) . . . 
internal/external 
highest 14.35 13.14 3.69 
re difference at t t 
sensor 
u empera 
louvre opening (°C) from. lowest 4.36 3.75 1.84 
sensor 
intemal/extemal 
highest 14.37 13.15 3.65 
diff t i sensor erence ure tempera n 
centre of test cell (°C) from: lowest 5.09 4.17 1.52 
sensor 
temperature difference 
at louvre 
openings 
9.99 9.39 1.85 
t hi h g between sensors a est 
and lowest level (°C): in centre of 9 28 8 98 2.13 test cell . . 
Table 5.1: Resulting temperature data with different heater 
settings from temperature stratification experiments. 
The temperature difference between the sensor at the highest level and outside is taken 
as an indication of the magnitude of stack induced airflow. The higher 
internal/external temperature differences recorded from the highest sensor (reflected 
in the results with the heater on full or half power) would advocate the more 
pronounced drop in the temperature stratification near the lower opening seen in 
figures 5.13a and b, due to the relatively higher stack ventilation rate. However, the 
drop in the temperature stratification at the lower opening is expected to be more 
pronounced in the full power trials than in the half power trials, but this is not the case 
in the results. 
The internal/external temperature difference (measured from the sensor at the highest 
level) with the heater full on (14.35°C) is only about 1.2°C greater than with the 
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heater on half power (13.14°C). It is considered that the former temperature 
difference, with the heater full on, should be noticeably greater than that recorded 
relative to the latter with heater at half power. The data shows this was not the case 
and is probably due to the heater being thermostatically controlled. 
The heater controls were fairly crude; the power input to the heater was either on or 
off. The thermostatic switch simply dictated the temperature when the power to the 
heater was energized or isolated. During the experiment when the heater was on half 
power, (with the thermostat set at a lower switching temperature), the average external 
temperature was over 5.5°C lower and correspondingly the average internal 
temperature was over 6°C lower than when the heater was on full power. Therefore, 
owing to the thermostat setting on the heater and the different ambient temperatures 
during the experiments there is possibility the time averaged power output from the 
heater for the half power and full power experiments was similar. As a result, the 
internal/external temperature difference generated by the heat applied to the test cell 
would also be similar and, as a consequence, so would be the stack induced ventilation 
rate. Hence, the drop in temperature at the lower opening during each of the heater 'off 
experiments would be comparable - as seen in the results. 
The electrical power consumption of the heater was not measured at the time of 
experiment, which would have provided an indication of the time averaged heat input 
from the heater. However, the similarity in the internal temperature stratification 
during the half power and full power experiments supports the notion that the time 
averaged heat input for each experiment was comparable. During the full power 
experiment the temperature difference near the louvres between sensors at highest and 
lowest levels was 9.99°C and 9.39°C for half heater power experiment. At the centre 
of the test cell the range of the temperature stratification is also similar, although the 
characteristics of the stratification is different - in the centre, away from the cooling 
effects of the incoming external air, the stratification is more linear with height. 
When no heat was applied to the test cell the linear nature of the temperature 
stratification extends throughout the space suggesting there is little natural ventilation 
rate in this situation. The relatively low internal/external temperature difference, of 
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around 3.7°C, also supports this assumption. In general, the degree of natural 
ventilation rate appears to be heavily dependent on the internal/external temperature 
difference (i. e. the findings tend to advocate stack effect dominance in the induced 
natural ventilation rate) particularly when considering the associated wind velocity 
during the three different experimental runs. Table 5.2 gives the average wind velocity 
over the duration of each experiment. The wind direction was very similar, 
predominantly coming from a direction of 250 to 260°N, therefore, the variability of 
the wind direction can be removed from the analysis. 
heater status average wind velocity (m/s) 
full power 2.55 
half power 1.27 
off 3.35 
Table 5.2: Average wind velocity for each 
temperature stratification experiment. 
Table 5.2 shows the wind velocity is highest for the no heater experiment where the 
linear temperature stratification at the louvres (and the relatively low internal/external 
temperature difference) suggests low natural ventilation rate. In both trial runs when 
the heater is powered 'on' the similar temperature stratification at the openings and the 
internal/external temperature difference imply similarly induced natural ventilation 
rates yet the wind velocity is on average 100% greater in one of the experimental runs. 
To some degree, the higher wind velocity could tend to inhibit the natural ventilation 
rate into the test cell. Consider the hourly averaged plots for the trial run with heater 
on half power shown in appendix D in figure D-2a. During the last third of the 
experiment (from hour no. 9 onwards) the temperature measured internal to the lower 
opening (at a height of 0.495m), which reflects the effect of the mixing with the 
incoming air, has become the minimum internal temperature. This could be due to a 
relatively higher air flow entering the test cell during this period providing a greater 
cooling effect. This period of the experiment corresponds with a significant drop in 
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the incident wind velocity. For example, over the first 8 hours of the experiment 
average wind velocity was 1.62m/s while in the last third the velocity dropped to less 
than a third of the initial value (to 0.57m/s). The impact of the minimum internal 
temperature occurring at the lower opening at the end of the half heater power 
experiment can be seen by the slightly greater dip in the temperature stratification near 
the louvres on figure 5.13b compared to figure 5.13a. 
5.4.4 Conclusions 
For a given heater setting the temperature difference between the high and low levels 
is similar for the two measurement locations in the test cell used for the experiments. 
The similarity between the air velocity measured at two locations near the louvres and 
two locations distant from the louvres (figures 5.6a to d) when establishing the most 
suitable sensors from which the internal temperature was calculated (see section 5.2) 
suggests that the temperature difference between high and low levels could be similar 
regardless of the location in the test cell. The variation of temperature with height can 
be significantly different, exhibiting a drop in the temperature immediately internal to 
the lower opening with increasing heater power. The drop in stratification at lower 
levels reflects the cooling impact and the relatively non-buoyant nature of the 
incoming air. The extent of the drop provides an indication of the magnitude of the 
natural ventilation rate into the test cell. Consequently, the internal/external 
temperature difference is low (as when no heater is applied) the temperature 
stratification is less pronounced as no excessive cooling occurs at the lower opening 
where the external air enters the cell. During the three experiments significantly 
different average wind velocities were recorded, however, there appears to be no or 
little corresponding impact on the inflow of air to the test cell. 
In general the results suggests that the natural ventilation rates into the test cell is 
linked to the magnitude internal/external temperature difference while the wind 
velocity of incident wind has little influence. However, the results from the 
experiments only reflect wind incident from one direction, so an overall conclusion 
for all incident wind directions cannot be drawn. 
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5.5 SUMMARY 
The experiments to characterise the measurements have identified that the local wind 
velocity impinging on the louvre bulkhead follows the trend of the wind velocity 
measured at the local weather station but with the reduced magnitude. However, it 
highlights that the local weather station will provide a correct information about the 
trends of the wind acting on the test cell. 
With regard to sensor location, the location of the ultrasonic anemometers along the 
length of the openings, which provide the measurements of airflow through the 
openings, is not crucial. The anemometers need to be as close to the openings as 
practicably possible and consistency of location throughout the data collection is 
considered more important to obtain a consistency in the trends experienced. Similarly 
for the Dantec air speed/temperature sensors consistency of location is important and 
the sensors used to provide the internal temperature measurements should also be as 
close to the louvre bulkhead to provide the best representation of the stack effect 
driving force. 
The local wind velocity has been shown to be damped to certain degree at the louvres 
(section 5.1) but wind is still present immediately outboard of the louvre openings. 
However, the investigation into temperature stratification within the test cell provided 
the first suggestion that the influence of the wind is not significant for single-sided 
natural ventilation. 
CHAPTER 
6 
SINGLE-SIDED NATURAL 
VENTILATION RATES 
The aim of the thesis is to investigate the influence of wind, or interaction between 
wind and stack effect, on a sheltered building subject to single-sided natural 
ventilation by analysis of measurements taken in a full-scale test environment. The 
investigation will aim to identify whether the direction of the impinging wind, rather 
than the velocity, has influence over the ventilation rates; i. e. the wind does not add to, 
but modifies, the ventilation rates generated by the stack effect. For example, the stack 
effect generates the driving force to induce the natural ventilation (the pressure 
difference), whereas, the direction of the impinging wind influences the direction of 
airflow through the opening and, hence, alters the characteristics (or resistance) of the 
opening to that airflow. Therefore, the wind direction, by altering the resistance of the 
opening, influences the magnitude of airflow through the openings that can be 
generated by the pressure drop created by the stack effect. 
This chapter will provide a brief summary of the experiment and measurements, 
discuss the approach to analyse the recorded measurements, perform the investigation 
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into the influence of wind and develop a single-sided natural ventilation prediction 
model for the test environment. 
6.1 SUMMARY OF RECORDED DATA 
Owing to the randomness of weather conditions a large quantity of data were recorded 
to ensure credible and meaningful relationships could be ascertained for the 
mechanisms and processes taking place. In total, 347 hours of measurements were 
recorded, between November 1996 and March 1997, providing 10212 time steps of 
data. 
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Figure 6.1: Trial 5 and 8- plan view of sensor 
locations in test cell. 
The measurements were recorded over a series of 32 experiments so different wind 
conditions and internal/external temperature differences were measured. However, 
consistency had to be maintained in some aspects of the experiments to ensure all 
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measurements recorded could be analysed as one large data set, reflecting the 'main' 
experiment. Therefore, the sensor location shown in figure 6.1 reflected the sensor 
configuration used throughout the experiments. Similarly, the opening configuration 
of the louvres was unaltered; only the top and bottom louvre blades of the right-hand 
louvre bank (when viewed from the inside the test cell) were in operation and were 
kept fully open at all times. A free standing thermostatically controlled convector 
heater, positioned in the centre of the test cell, was used to generate different 
internal/external temperature difference. The heater setting generally remained 
unaltered for 12 hour periods of data collection. 
6.1.1 Range of Measurements Obtained 
Temperatures Measurements 
Throughout the main experiment the external temperature ranged from -1.50 to 
17.01°C and the mean internal temperature from 3.00 to 20.37°C; at all times the 
internal test cell temperature was greater than the external temperature. This ensured 
that the stack induced driving potential always advocated inward flow through the 
lower opening and outward flow through the upper opening. The resulting 
internal/external temperature difference ranged from 1.27 to 11.86°C. A good spread 
of temperature differences was realised for a wide range of external temperatures. 
Wind Conditions 
The wind speed recorded at the local weather station ranged from 0.0 to 5.1m/s 
covering virtually all wind directions (Datahog2 provides wind direction in 5° steps). 
However, the predominant wind directions was from the east, between 40 and 85°N, 
and from the west, between 230 and 290°N, as expected from the wind tunnel 
experiment. Figures 6.2a and b respectively plots the average wind velocity recorded 
during the main experiment for each wind direction and the frequency at which each 
wind direction was recorded. 
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Figure 6.2a: Average wind velocity recorded 
throughout the main experiment for each 
wind direction, between November 1996 
and March 1997. 
Figure 6.2b: Wind direction frequency plot for data 
recorded during the main experiment, 
between November 1996 and March 
1997. 
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These two graphs are combined in figure 6.3 to give a frequency plot for difTcrent 
wind velocity at each wind direction. The predominance of local easterly and westerly 
winds and the low incidence of southerly winds from behind the test cell are clearly 
illustrated. Figure 6.3 was generated by dividing the wind velocity into 0.25m/s 
segments and determining the number of times the wind blew with a velocity in each 
velocity segment for each wind direction. This produced frequency data for 24 
velocity segments (from 0 to 6m/s) for 72 wind directions (from 0 to 355°N in 5° 
steps). 
150 
V 
10 100 
V 
V 
0 
15 
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0 
Figure 6.3: Frequency plot for wind velocity recorded 
at each wind direction throughout the 
main experiment, between November 
1996 and March 1997. 
6p 
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6.2 APPROACH TO ANALYSIS 
A number of uncertainties exist in the measuring regime; the area of the openings, the 
coefficient of discharge of the openings, the internal temperature measurements, air 
velocity measurements of airflow through the openings and possible leakage sites in 
the test cell. In addition the conventional Bernoulli flow/pressure drop relationship, 
described in sub-section 2.1.3, is not considered the most representative relationship 
for flow through openings in buildings (Walker and Wilson, 1998). These 
uncertainties dictate the approach to the analysis and the criteria by which the natural 
ventilation rates are initially calculated from the measurements. 
6.2.1 Uncertainties in the Measuring Regime 
The uncertainties were addressed in the initial stages of the analysis, where 
measurements corresponding to when no wind was present was investigated; i. e. when 
the ventilation rates are entirely a result of the stack effect. The uncertainties can be 
categorized into three groups; result of the vena contracta effect, measurements and 
leakage and flow/pressure drop relationship. 
Impact of the Vena Contracta Effect 
The uncertainties associated with the air velocity measurements, area and discharge 
coefficient of the openings all affect the corresponding calculation of the natural 
ventilation rate, which incorporates the influence of the versa contracta effect at the 
opening. The airflow through the opening, treated as an orifice is characterised by the 
velocity of the fluid passing through the opening, a discharge coefficient and the 
effective area of the opening and can be written as: 
Q= CdAv (6.1) 
where, Q= volumetric flow rate through opening (m3/s) 
Cd = discharge coefficient 
A= area of opening (m2) 
v= velocity of air leaving opening (m/s) 
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For practicality the velocity cannot be measured within the louvre opening - its 
measurement must be made adjacent to the opening. So, to relate the velocity to a 
flow, an area is taken as the effective area of the opening - initially taken as the 
measured projected opening area. The effective area is influenced by the vena 
contracts effect (see figure 6.4). The position of the vena contracta, or throat of the jet 
stream, passing through the opening is dictated by the velocity of the jet stream. The 
higher the velocity the more distant the throat of the jet stream occurs in relation to the 
opening. As the location of the velocity measurement is made at one distance from the 
opening the magnitude of the effective area should strictly vary, with different 
velocities, to give the correct volumetric flow. Similarly, the discharge coefficient is 
generally taken as a constant value (typically 0.61) but changes, with the velocity, as 
the velocity changes the characteristics of the opening. The influence of these effects 
were considered during the main analysis (sub-section 6.7.2). 
0 
ti c 
0- ä 
location of velocity 
0) 
i/ fluid flow 
measurement 
direction of flow 
vena contracta opening 
(minimum area of 
fluid flow) 
higher velocity -m 1º lower velocity 
shift of vena contracta 
with velocity of flow 
Figure 6.4: Vena contract effect in fluid flow passing 
through an opening. 
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Impact of Internal Temperature, Air Velocity through Openings and Leakage 
Sites 
Although experiments have been performed to identify the most credible method by 
which the internal temperature is determined from the measurements and to confirm 
suitability of velocity measurements made with the ultrasonic anemometers at the 
openings, these measurements were considered in the investigation. Similarly, the 
possible influence of leakage sites were addressed (see section 6.3). 
Impact of Flow/Pressure Drop Relationship 
Flow/pressure drop relationship through an opening can assume orifice similarity and, 
according to Bernoulli, the proportionality of flow to pressure drop can be written as: 
Q °C -AP (6.2) 
Flow through cracks according to BS 5925,1991, follows a power law relationship 
and is quantified by: 
Q= kL(ep)° (6.3) 
where, L is the crack length, and k and n are constants. 
The power law flow/pressure relationship has also been proposed for other opening 
types found in buildings (Walker and Wilson, 1998). Walker and Wilson quote fan 
pressurization tests performed on houses by themselves, with Sherman (1996), Beach 
(1979), Sulatisky (1984) and Warren and Webb (1980) to show that, 
"the orifice flow assumption used in many infiltration models is 
unrealistic, and that it is better to use a power law pressure-flow 
relationship ". 
The flow rate, based on pressure drop, becomes: 
Q= COpn (6.4) 
The constant C effectively represents the product of discharge coefficient and area 
(CdA) and for a typical residential building n-0.67; n=0.5 for orifice flow and n= 
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1.0 for fully developed laminar flow (Walker & Wilson, 1998). Bernoulli's equation 
represents a special case of the power law flow/pressure drop relationship when n-- 
0.5. The power law flow/pressure relationship has been used in the Alberta Infiltration 
Model (AIM-2) air infiltration model developed at the University of Alberta, Canada 
(Walker, 1990). 
6.2.2 Approach to the Investigation 
Measurements taken when wind velocity was so low it was immeasurable (designated 
"no wind" situation) were investigated first. In this situation the complication of the 
influence of the wind is eliminated as the airflow through the test cell is purely a result 
of the stack induce natural ventilation rates. Therefore, the analysis compared the 
actual ventilation rate (Q,,, t) calculated from the velocity measurements at the 
opening (equation 6.5) with the anticipated stack effect ventilation rate (Qtcmp) 
calculated from the internal/external temperature difference (equation 6.6). The 
resultant graph of Q,,. t plotted against Qt,,,, p should exhibit a straight line with unity 
gradient passing through the origin, if the equations are valid. 
The uncertainties raised on discharge coefficient and area of openings, the temperature 
and air velocity measurements, leakage sites and flow/pressure drop all impact on 
Qvent and Qtemp. The equality relationship that should exist between QYet and Qtemp in 
the "no wind" situation was used to investigate the uncertainties and establish a linear 
relationship between two ventilation rates calculated from the measurements. The 
important aspect of the area and discharge coefficient of the openings is the product of 
the two values, not their individual values. So, the discharge coefficient was set, 
throughout the analysis, at the recognized value for a sharp edged orifice, 0.61. 
Once these issues have been clarified from the "no wind" situation the outcome was 
used as a basis to investigate the influence of the wind. The actual measured 
ventilation rate, Qe, t, was plotted against wind for each wind direction and Warren 
plots were developed to identify whether wind velocity has any influence or the stack 
effect is dominant in single-sided natural ventilation. The development of the Warren 
plots also were used to investigate the effect of the velocity of the airflow through the 
opening on the effective area and coefficient of discharge, hence, the characteristics of 
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the opening. Finally, the analysis developed a prediction model from the 
measurements recorded and tested the model against measurements not used in the 
model development; i. e. measurements from the temperature stratification experiment. 
6.2.3 Calculation of Q,,, ot and Qtemp from the Measurements 
Qý. t reflects the actual ventilation rate calculated from the velocity measurements 
recorded at the openings. Qtmp reflects the natural ventilation rate that would be 
expected from the internal and external temperature measurements. The criteria by 
which these parameters were initially calculated are shown below. Their method of 
calculation was subject to change depending on the outcome of the initial 
investigation for the "no wind" situation. 
Qveot 
Air infiltration experiments (see section 3.5) determined leakage was around 0.21 ach 
and was deemed insignificant as it was approximately 1% of the natural ventilation 
rates experienced during the experiments. Therefore, assuming that leakage sites in 
the test cell are negligible, the airflow entering through the lower opening equals that 
exiting through the upper opening. Experiments considering the location of the 
ultrasonic anemometers identified the velocity measurements at the lower opening are 
larger in magnitude, more stable and better defined than at the upper opening. 
Therefore, for consistency the volumetric flow rate (or natural ventilation rate) passing 
through the test cell was always determined from the lower opening velocity 
measurements. From equation 2.4 and 6.1 QvCnt is calculated by: 
Qvent = C,, A, vi (6.5) 
where, Cdl = discharge coefficient of lower opening 
Al = effective area on discharge side of lower opening (MD 
vi = velocity measured on discharge side of lower opening (m/s) 
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The stack effect induced natural ventilation rate, Qw,,, p, to reflect Bernoulli's 
flow/pressure drop relationship can be written as (from equation 2.13): 
Qte = C&Aj 
FAPP, 
(6.6) 
where Opi is the stack induced pressure drop across the lower opening as 
defined in equation 2.31: 
AT LPG = P. gh,,,, T (6.7) 
where, pe = density of external air (kg/rn3) 
g= gravitational acceleration (9.80665m/s2) 
hpi = height of neutral pressure level above lower opening (m) 
AT = internal/external temperature difference (K) 
Ti = internal temperature (K) 
combining equation 6.6 and 6.7 gives: 
J 2ghp AT Q= Cý, Aý T (6.8) 
the neutral pressure level, hPl, derived in chapter 2 (equation 2.37, p30) is: 
hnpl =H )2(AI) 2( 6.9) 
1+ Ti 
Cdl 
F. Caa Tu 
where, H= height between centre of gravity of upper and lower 
openings (1.38m) 
Te = internal temperature (K) 
Cd = discharge coefficient 
A= effective area on downstream side of opening (m0) 
subscripts I and u refer to lower and upper openings 
Note the derivation of hpi requires the discharge coefficient and effective 
area on the discharge side of the upper opening. 
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Finally, hP1 from equation 6.9 can be inserted into equation 6.8 and Qtemp becomes: 
2gH0y 
Qý = CdiAt 
T Cýfl zi Az 
(6.10) 
Te Cd-u- Au 
Summary 
Qvct and Qtemp can be calculated using three variables from the measurements; vi 
derived from the 3D velocity measured by ultra2 (see sub-section 4.6.3), T. from the 
weather station and T; as the mean internal temperature (see section 5.2). Values for 
discharge coefficients and effective areas were initially taken as: 
Cdl =Cdu= 0.61, 
A, =0.121m2, 
A = 0.071 mz. 
The values for the effective areas were the projected areas of the openings by 
measurement; the lower free opening area being noticeably larger than the upper. 
6.3 CHARACTERISATION OF UNCERTAINTIES 
Measurements where the wind velocity was OmIs were extracted from the data. The 
ventilation rate through the openings, Qent, and the expected stack induced ventilation 
rate, Qtemp, were calculated from the velocity measurements and temperature 
measurements respectively. The resultant plot of Q,,,, t against Qtemp is shown in figure 
6.5; the two distinct sets of data reflect experimental conditions when the heater was 
on and off- i. e. two distinct internal/external temperature differences. 
In "no wind" situation the ventilation rate must be due to temperature differences, so, 
there should be a linear proportionality relationship between Q,, t and Qtemp" 
Therefore, linear regression was performed on the data and best fit line derived 
through the least squares method. The gradient of the best-fit line is 1.204 and it 
intersects the QVeit axis at -0.007m3/s while the regression coefficient, r, is 0.852: no 
significance test was applied to these values. 
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Figure 6.5: Plot of Q,,. t against Qt,,. p when "no wind" 
was present. 
Assuming no leakage Q,, ent and Qtemp calculated for one sample time should be the 
same. Qvent and Qtemp represent the same ventilation rate; the former calculated from 
actual velocity measurements, the latter from the parameters that generate the driving 
force to create the flow - temperature. Therefore, two aspects from the best-fit line on 
figure 6.5 can be addressed to test the uncertainties in the measurement regime. They 
are: 
i) the gradient is greater than unity, 
ii) the intersection of the Q,, ent axis is negatively offset from the origin. 
Physically, Qvent is generated by parameters used to calculate Qtemp, so at the limit 
maximum gradient must be unity. The offset suggests a negative ventilation rate (i. e. 
outward flow at the lower opening) when the internal/external temperature difference 
is zero, which is nonsensical. Therefore, the objectives to test the uncertainties can be 
achieved by ensuring a best-fit line plotted through the graph of Qvent and Qtemp 
calculated from measurements when wind has zero velocity has a gradient of unity 
and offset of zero. 
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6.3.1 Investigation of Effective Opening Area, A, 
Equations 6.5 and 6.10, for QVent and Qt. mp respectively, can be rewritten in proportion 
to the effective lower opening area: 
Q, oc A( 
and 
(6.11) 
FKI' 
Q`", a A' 
2A? 
(6.12) 
where, KI and K2 are constants 
Mathematically this means that a change in Al will produce a greater change in 
than in Qterp and that reducing Al will reduce the gradient of the best-fit line. 
Qvent and Qtemp were recalculated with a reduced effective lower opening area and the 
results are shown on figure 6.6. A value of 0.093m2 was ascribed to Al to produce a 
gradient equal to unity. In reality the new area is considered too small relative to the 
effective upper opening area, A., used in the calculation of Qtemp, and the offset, 
although reduced slightly, was still present. The conclusion being that reduction in the 
estimates of Al alone was not adequate. 
0.05 
Btst-lit line data: 
regression coefficient, r-0.852 
gradient- 1.000 
0.04 offset --0.0056 
effective lower opening 
0.03 area reduced to 0.093& 
S3 6jr. 
0.02 
0.01 
. 
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0 0.01 0.02 0.03 0.04 0.05 
Qtemp (m'/s) 
Figure 6.6: Plot of Q,,, t against QO, p for "no wind" 
situation with effective lower opening 
area, Al reduced. 
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6.3.2 Investigation of Internal Temperature Measurement 
Calculating the mean internal air temperature differently would only affect the 
magnitude of Qterp. The "no wind" Q, e t/Qtemp plot could be revised to test the choice 
by which the internal temperature was calculated. The internal temperature was re- 
established as the maximum temperature measured at any of the 12 Dantec sensors 
closest to the louvres. 
Figure 6.7 shows the influence of the "new" internal temperature. The effective lower 
opening area, A1, was also adjusted to produce a unity gradient. In this instance A, was 
increased to 0.1322m2, which again is considered physically unrealistic relative to A. 
Also, the offset was basically unchanged from figure 6.6, where Ai alone was 
changed. The conclusion here being that recalculating the internal temperature and 
adjusting the effective lower opening area, A1, did not satisfy the situation. 
0.05 
Btst-fit line date: 
regression coefficient. r-0.855 
gradient- 1.000 
0.04 offset . -0.0038 
y effective 
lower opening 
dt 0 i 1322 ' 
. ýr f 
0.03 ncrease o . area m . 
" v internal temperature 
. 
"1 
recalculated 0.02 
0.01 " 
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0 0.01 0.02 0.03 0.04 0.05 
Qtemp (m'/s) 
Figure 6.7: Plot of Q"., t against Q1e11, p for "no wind" 
situation with internal temperature 
calculated differently and effective lower 
opening area, Al increased. 
6.3.3 Investigation of Air Velocity Measurements 
Experiments have established that location of the ultrasonic anemometers measuring 
the air velocity through the openings is not crucial. Also, that each anemometer is 
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providing similar measurements. Yet inaccuracies in the magnitude of the 
measurements can be further tested against the equality relationship between Q,, enc and 
Qtemp in the "no wind" situation. As the velocity measurement only affects the 
calculated value of Q,,. t, an offset of the ultrasonic anemometer velocity 
measurements would shift the best-fit line on Q, t/Qtemp plot of figure 6.5 up or down. 
If ultra2 measurements (measuring the lower opening velocity) were too small the 
calculated Q,, ent would be shifted downward regardless of the driving force. 
Consequently, applying an offset to the velocity measurements would eradicate the 
offset in the best-fit line through the QventQtemp plot. The vertical component of the 
velocity (W vector) measured by the ultrasonic anemometers was negligible compared 
to the velocities measured in the horizontal plane (U and V vectors). Therefore, the 
adjustment was only assigned to the latter two velocity measurements. Figure 6.8 
shows the Qvnt/Qtemp plot with adjusted ultra2 velocity readings. 
0.05 
Best-fit line dats: 
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gradient- 1.000 
0.04 Offset. 0.000 
effective lower opening V1 
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U. od V velocity 
meow rements of ul trat " 0.02 adjusted by 0.069m/, 
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Figure 6.8: Plot of Q,. t against Q,,,,, p for "no wind" 
situation with ultrasonic anemometer 
measurements adjusted and effective 
lower opening area, A, reduced. 
As the adjustment to the velocity measurements would only affect the offset of the 
best-fit line thea rea Ai had to be reduced to produce a gradient of the best-fit line 
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through the data equal to unity. The area change was more physically realistic than the 
previous option but the required adjustment of U and V velocity components 
measurement was an increase of 0.069m/s. This adjustment, on average, represents 
approximately 25% of the original measurements, which is considered excessive. 
Previous experiments identified the anemometers were making comparable 
measurements and it is unlikely both would be providing similarly low readings, so 
the ultrasonic anemometers were assumed to be providing realistic measurements of 
velocity. 
6.3.4 Investigation of Leakage Sites 
Leakage sites have not previously been accounted for in the calculation of Qvent and 
Qtemp" If they exist and their impact is significant the inclusion of these sites would 
affect the calculated Qtemp, by modifying the location of the neutral pressure level, hpi, 
without changing the calculated Q,,,, t. Consequently, assuming the effective lower 
opening area of the louvres, Al, was correct then the gradient of the best-fit line 
through data on the Q,, eJQ,, mp plot could be adjusted by altering the calculated value 
of Qt, mP alone. The height of h,, p1 is based on the ratio of the total opening areas below 
and above the level. Therefore, equation 6.9, for hpi, can be rewritten to include 
leakage sites: 
hnpl HTC22 (6.13) 
1+ i dl (AUu) 
Te 
(-Cu 
where Av is the ratio of the total areas (opening and leakage sites) below 
and above the h. pi, and can be expressed as: 
(6.14) All. 
A' + Ala Au la 
where, Ab = area of leakage sites below hnp1(m2) 
Al. = area of leakage sites above ha (m2) 
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Qtemp was calculated for various area ratios, AN, and best-fit lines applied to the 
resulting Q,, t/Qw. p plots. Figure 6.9 shows the variation of the gradient of the best-fit 
lines against the area ratio used to determine Qtemp. 
Figure 6.9: Variation of gradients of best-fit lines 
,, t/Qt,, p plots against 
the area through Q,,, 
ratio used to calculate Qwmp. 
The graph shows that an area ratio of 1.310 gives a gradient of unity. The original area 
ratio based on estimates of Ai and A,,, ignoring leakage area, is 1.704 (Ai/A, 
0.121/0.071). If Alb and Al. are taken to be in the same proportion as the test cell 
surface areas below and above the hnp1 the area of the leakage sites can be calculated 
on the basis of an area ratio of 1.310. The dimensions of the test cell are 2.22m high, 
3.42m long and 2.93m wide and the height of the datum from which h,,, 1 is measured 
is 0.55m above the floor. Therefore, 
surface area above hop, = 3.42 x 293 +2x3.42 + 293) x (2.22 - 
(h,, 
Pl + 
0.55)) 
=31.23-12.7hp, (6.15) 
and 
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surface area below hnp, = 3.42 x 293 +2x (3.42 + 293 x (h,, P, + 055 
=17.01 + 12.7h,,, (6.16) 
therefore, 
Aga 
= 
31.23-12.7hop, 
Alb 17.01 + 12.7hnp 
(6.17) 
The range of hpi for different internal and external temperatures and an 
area ratio of 1.310 is small and can be taken as 0.5m. Equation 6.17 
becomes: 
Ala =1.065AIb (6.18) 
Inserting equation 6.18 into equation 6.14 gives: 
A, + A, b A'ý° 
A + 1.065AIb 
(6.19) 
Alb = 0.071m & A, a = 0.075m 
when, All . =1.310 
Aý = 0.121m2 
A=0.071m2 
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This suggests, that to achieve an area ratio such that the gradient of the best-fit line 
through data on the Qvent/Qtemp plot is unity, the areas of leakage sites above and below 
the hp1 would be equivalent to the upper louvre opening, which is obviously not the 
case. 
Alternatively, the area ratio, AL,,  =1.310 can be obtained by alternately taking extreme 
cases for the upper and lower leakage site areas; i. e. when Alb =0 and when Aia = 0. 
Therefore, from equation 6.14: 
when Alb = 0.0m2 A,, = 0.021m2 
when A,. = 0.0m2 Alb = -0.028m2 
Chapter 6 SINGLE-SIDED NATURAL 149 
VENTILATION RATES 
As when the leakage areas were apportioned in relation to surface area above and 
below the hp, these extreme case give unrealistic leakage areas. When Alb = 0.0m2 the 
upper leakage area would have to be approximately a third of the size of the upper 
opening. The negative lower leakage area, when Al. = 0.0m?, suggests air exits as well 
as enters from the lower opening, which practice has shown not to be the case. Also 
that the hp1 occurs at a height part way up the lower opening, which contradicts the 
height of the neutral pressure level as determined by the area ratio, Av from which the 
leakage areas were established. 
By proof of contradiction and physically unrealistic outcomes this analysis indicates 
that leakage sites have none or insignificant impact on the ventilation mechanisms 
occurring in the test cell. For subsequent analysis it would be safe to assume that 
leakage sites do not exist. 
6.3.5 Investigation of the Flow/Pressure Drop Relationship 
In the previous investigations the flow/pressure drop relationship used to calculate 
Qtemp reflected Bernoulli's equation; i. e. the special case of the power law relationship 
when index n=0.5 (see equation 6.4). Application of the power law to the data will 
only affect the calculation of Qwmp (as Qet is calculated directly from velocity 
measurements). Therefore, the index n was first determined to give a zero offset on 
the "no wind" situation Qvcnt/Qt, p plot then the lower opening area modified to obtain 
a gradient of unity. Introduction of the power law affects Q1emp in two ways; 
calculation of h, 1 alone, then calculation of Q, emp using the power law derived hpl. 
Refer back to the derivation of hp, in chapter 2. Equation 2.29 becomes: 
(2fi ° 
p. C4, A, 
PQ 
Q 
_2 
ýpu 
= PiCduAu 
Pº 
(6.20) 
consequently, equation 2.33 changes to: 
2P, 8hnr, 
n 
Ti PS(H - 
hnpl) 
n TT 
PeCd1Al 
Pi=P; 
CduA,, 
Pi 
, (6.21) 
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which reduces to: 
P (y)Cd(y)AI(x) 
h2 
= Pi(x)Cau(X)pu(y) (6.22) 
Pe Pý 
or: 
Pe(y-')Cdl(s. )A, (y)hnpl °P (y-')Cd (y)A,, (s: )(H - hpp, 
) (6.23) 
and rearranged for hpj: 
p (s: -I)Cdu(y)A,, (x)H hýpý - Pe y, -, ýaº y, Aý y, +Pý y, -ý ýaý y Aý y 
6.24 
Equation 6.24 can be rearranged further and treating air as a perfect gas, 
such that peTe = p; T;. The height of the NPL, accounting for the power 
law, can consequently be written in terms of temperature: 
h°p1- Y. -1 
Hys: 
(6.25) 
1+T; Cd, A Te Cdu Au 
Similarly, equation 6.10 for Qtem, becomes: 
n 
2gH 1V T Qteý = Cd, A, y, _I yy 
(6.26) 
1+T Cd, A, Te Cdu Au 
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Qvet and Qtemp were recalculated from the "no wind" data to produce a series of 
Qv,, t/Qt mp plots for various values of index, n, and effective lower opening area, Al. 
From these plots a series of best-fit lines were developed. The variation of the offsets 
of the best-fit lines in relation to the power law index and effective lower opening area 
can be seen in figure 6.10. The index ranged from 0.5 (orifice flow, Bernoulli) to 1.0 
(fully developed laminar flow) and the effective lower opening area covered the range 
between the effective upper opening area to the original effective lower opening area. 
The horizontal mesh drawn at zero offset in figure 6.9 shows that the zero offset 
occurs at a specific power law index regardless of the effective lower opening area. 
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This is because only Q,, mp is affected by varying the index n, Q,,, t, calculated from the 
velocity measurements, is independent of index n (see equation 6.26 and 6.5 
respectively). 
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Figure 6.10: Variation of offset of "no wind" Qvent/Qte, np plot best-fit lines with effective lower opening area and 
power law index. 
The relationship between the gradient of the best-fit lines was also plotted against the 
power law index and effective lower opening area, figure 6.11. The mesh drawn at a 
gradient of unity shows how the effective lower opening area increases with power 
law index to maintain unity gradient. As zero offset of the best-fit lines occurs at a 
specific value of index n regardless of the effective lower opening area, the value of 
index can easily be taken from figure 6.10. Once the index is determined figure 6.11, 
showing gradient variation of the best-fit lines with index and effective lower opening 
area, can be used to established at what effective lower opening area the gradient is 
unity for the index determined from figure 6.10. 
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Figure 6.11: Variation of gradient of "no wind" QetlQtemp plot 
best-fit lines with effective lower opening area and 
power law index. 
The resulting values of power law index, n, and effective lower opening area, Al, to 
ensure that the ventilation rate entering the test cell calculated from velocity 
measurements taken from the "no wind" data equates to the stack induced ventilation 
rate calculated from temperature measurements (i. e. unity gradient and zero offset) 
are: 
i) power law index, n=0.6348, 
ii) effective lower opening area, Al = 0.1079m2. 
These results are very encouraging; the value of n determined from raw data is closely 
comparable to the index of n-0.67 advocated by Walker and Wilson (1998) for 
residential type buildings averaged from numerous fan pressurization tests. Similarly, 
the resultant effective lower opening area is a physically realistic measurement in 
relation to the measured project opening area initially specified. 
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Finally, figure 6.12 is the "no wind" Qvent/Qtemp plot using the power law flow/pressure 
drop relationship to calculate Qtp with an index of n=0.6348 and an effective lower 
opening area of Al = 0.1079m2. The deviation of data about the best-fit line is slightly 
less than in figure 6.5 where the orifice flow/pressure drop relationship was used and 
Ai was unaltered. This is reflected in the slight improved regression coefficient, r, 
between the two plots (r = 0.852 to r=0.854). Statistically, a confidence interval was 
calculated for r at 99.9% and a significance level for the gradient of 0.1%. 
0.05 Best-it line data 
regression coefficient, r-0.850 
gradient- 1.000 
0.04 - 
offset- 0.000 
effective lower opening 4 
r^ area reduced to 0.1079m' 0.03 - " 
power law indem 's 0.6348 
aº 0.02 " " 
7. " 
confidence interval for r- 99.9% 
0.01 '" 
". significance kvd for gradient- 0.1% 
0 
0 0.01 0.02 0.03 0.04 0.05 
Qtemp (m3/s) 
Figure 6.12: Plot of Q,,, t against Q,,:. p for "no wind" 
situation with power law flow/pressure 
drop relationship and effective lower 
opening area, A1 reduced. 
6.3.6 Conclusions 
Measurements extracted from the main experiment data set for "no wind" conditions 
clarified that the impact of leakage sites in the test cell were insignificant to the 
natural ventilation processes taking place. The analysis identified that the ventilation 
rate experience by the test cell followed the power law flow/pressure drop relationship 
through the openings as advocated by Walker and Wilson, 1998 (for the AIM-2 air 
infiltration model) and other researchers (Beach (1979), Sulatisky (1984) and Warren 
and Webb (1980)). The ventilation rate into the test cell, Q, et, calculated 
from 
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measured velocity reading was plotted against the stack induced ventilation rate, 
Qtcmp, calculated from measured internal and external temperature using the power law 
flow/pressure drop relationship. The resulting graph, figure 6.12, satisfied the criteria 
that the natural ventilation rate equates to stack effect induced ventilation rates in the 
absence of wind. This equality was achieved by using a power law index of n= 
0.6348 which is comparable to the proposed index of n-0.67 for use in residential 
building (Walker and Wilson, 1998). The effective lower opening area was adjusted to 
a physically realistic measurement resulting in the following inter-related constants: 
i) lower/upper opening ratio, Av. = 1.5197 (= 0.1079-0.0710), 
iii) lower discharge coefficient/area product, Cd, AI = 0.0658 (= 0.61x0.1079), 
iii) upper discharge coefficient/area product, CdA = 0.0433 (= 0.61 x0.0710). 
NB. In the context used the absolute values of the individual constants A1j , Al, A,,, 
Cdl and Cd are less important than the above quotients and products. 
The outcome of the initial analysis allows wind effects to be introduced with the 
assurance that uncertainties in the measuring regime have been clarified, that error 
from incorrect allocation of constant values (for discharge coefficient and effective 
area of openings) have been minimised and that air infiltration through leakage sites is 
insignificant. 
6.4 THE INFLUENCE OF WIND ON THE MEASURED 
VENTILATION RATES, QVENT 
The influence of wind on the single-sided natural ventilation rates were investigated 
using the rules established for calculating Q,, enc and Qtep under "no wind" conditions; 
i. e. power law index n=0.6348 and effective lower opening area, Ai = 0.1079m2. 
Therefore, Qý,. t was calculated from equations 6.5 using an effective lower opening 
area, Ai = 0.1079m2. As in the "no wind" situation, when the wind is present Qvet 
reflects the ventilation rate calculated from velocity measurements through the lower 
opening but can now potentially include the effect of the wind. Plots of Qet against 
wind velocity for different wind directions will help to show the effect of wind on the 
natural ventilation through the test cell. 
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6.4.1 Measurements and Analysis Data 
Measurements were extracted from the main experiment data where the wind velocity 
was greater than Om/s and divided into files on the basis of wind direction. This 
resulted in 72 data files generated, each holding measurements that were recorded 
during time steps when the wind direction was from 01 to 355°N in 5° steps. Q. t was 
calculated from the measurements for each time step and plotted against wind velocity 
for each wind direction depending on the available quantity of data. The fluctuations 
in the naturally occurring processes being measured are too random to provide 
qualitative information when little data exists. Consequently, as indicated by the 
frequency plot of wind velocity and direction, figure 6.3, no information could be 
derived for certain wind directions; noticeably around a southerly direction. 
6.4.2 Q,,, ot/Wind Velocity Plots 
In total 53 plots of Qeýt against wind velocity were developed for the 72 possible 
wind directions; 0° to 110°N and 205° to 350°N. A complete set of the plots are 
documented in Appendix E, figure E-1. The magnitude of Q1e, n is taken to be 
fundamentally driven by the internal/external temperature difference. So, data for each 
wind direction was split into two groups: data where AT <5.2°C and where AT 
>5.2°C. (The temperature difference of 5.2°C was a convenient split for the total 
amount of data recorded in the main experiments; basically with the heater on the 
internal/external temperature difference was >5.2°C and with the heater off <5.2°C. ) 
Where large amounts of data were available the variation of Qct with increasing wind 
velocity is shown to be relatively flat but unclear whether a best-fit line through the 
data should be linear or quadratic. 
Examples of the plots documented in appendix E, figure E-1 are shown in figures 
6.13a and b for a wind direction of 250°N; figure 6.13a for the higher temperature 
difference and figure 6.13b for the lower temperature difference. Best-fit lines have 
been drawn through the data to reflect a linear relationship and quadratic relationship 
between Q,,. t and wind velocity. Confidence intervals were calculated for the 
relationships and are also shown in the figures. For high temperature difference the 
confidence interval is high at 99.9% for both linear and quadratic relationships. 
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However, for low temperature difference where the induced natural ventilation rate is 
correspondingly lower, a linear relationship between Qvent and wind velocity is poor 
with a confidence interval of only 40%. The quadratic relationship for low 
temperature difference is the same as for high temperature difference; i. e. good at 
99.9%. 
0.10 d nc"r wind direction: 250°N 
0.09 internal/external temperature difference> 5.2°C nee-re i me 
0.08 quadn°c 
confidence interval: bea-r. one 
0.07 linear regression = 99.9% 
quadratic regression =99.9% 
0.06 
0.05 
0.04 
44 : I. 0.03 
0.02 "' 
0.01 
0.00 
0.0 1.0 2.0 3.0 4.0 5.0 
wind velocity (m/s) 
Figure 6.13a: Variation of Qct against wind velocity when 
internal/external temperature difference > 5.2°C for 
wind direction of 250°N. 
0.10 wind direction: 250°N b"°` 
0.09 internal/external temperature difference < 5.2°C regremon 
0.08 quadratic 
confidence interval: regrcaa m 
0.07 linear regression = 40.0% 
quadratic regression = 99.9% 
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Figure 6.13b: Variation of Q,, et against wind velocity when internal/external temperature difference < 5.2°C for 
wind direction of 250°N. 
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Where ample data is available the Q, c,,, /wind velocity plots exhibit a distinct quadratic 
trend with a minimum value. The location of the minimum appears to occur at higher 
wind velocities when the temperature dilTcrence is higher. For example when the 
stack effect driving force greater (at higher internal/external temperature diffcrenccs) 
it's dominance over wind is also greater; i. e. only at higher wind velocity does the 
wind start to influence the ventilation rate. Obviously up to the minimum the graphs 
suggest the increasing wind velocity restricts the single-sided natural ventilation rate. 
However, the plots are relative 'flat' and the need to distinguish between high and low 
temperature differences dictates the need to remove the temperature aspect liom the 
measurements for a clearer analysis. The wind velocity needs to he normalised by the 
internal and external temperatures. This can be achieved through plotting the data on a 
"Warren" plot (Warren, 1986). 
6.4.3 "Warren" Plots 
Dascalaki et at (1995) used "Warren" plots to analyse single-sided natural ventilation 
data as part of the PASCOOL project (Ducar-ne). "Warren" plots were developed to 
separate data dominated by stack and wind effects. 
ackground to "Warren" Plot (precis from Warren, 1986) 
ith regard to the wind acting on a building Warren defined the air 
rate, Q.,,,, across an opening at a specified position on a 
ilding, in dimensionless terms, as: 
F, = 
Q"`'' 
= qRe,, window geometry)] Au, 
where, A= area of opening 
ui -= local air velocity at the surface of the building 
function tj ] represents an unspecified function of variables 
fined in the brackets; Re, is a Reynolds number based on the 
isions of the opening and P can be written as: 
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j3 == f[Re, Y 
uI 
(6.2 9) 
where, u1 - wind velocity 
Reg = Reynolds number based on dimensions of the building 
y- wind direction 
Comparison of wind tunnel trials and hüll-scale measurements has shown 
that the influence of Reg is negligible providing the building has sharp 
corners. Consequently, for any given building, ui and 13 are functions of 
positions on the building surface and wind direction, y. A further 
dimensionless ventilation parameter can be written, defined as: 
Fr 
AUS =1 
*171 (6.29) 
Considering wind and stack effects to occur simultaneously the stack 
effect can be included in equation 6.29 by incorporating the Archimedes 
number: 
F1 = f[y, Ar] (6.30) 
I5S 
Warren showed that a ventilation parameter, Fr, was a function of wind direction and 
Archimedes number (Ar) and that measured ventilation rates dominated by the stack 
effect could be extracted from a plot of ventilation parameter, Fr, against square root 
of Archimedes number - the "Warren" plot. 
The Archimedes number, Ar, is the ratio of buoyant forces against viscous forces and 
is defined as: 
Ar 
Gr 
= (f. 31) Re' 
where, 
gn'ri t; Gr = Grashof number (6.32) 
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Re = 
urL Reynolds number (6.33) 
where, H&L= characteristic lengths of flow (m) 
ur = local wind velocity (m/s) 
v= kinematic viscosity of air (mz/s) 
the characteristic lengths are taken to equal the vertical distance between 
the centre of the upper and lower openings (Dascalaki et al, 1995), 
therefore, Archimedes number becomes; 
Ar _ BATH T; u" (6.34) 
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Consider, the ventilation parameter, F, determined from the ventilation rate through 
the lower opening; 
F= 
AQ 
(6.35) 
<< 
Consequently, the "Warren" plot constitutes a plot of; 
F v. or Q V. geTH z A1ur T1u,, 
The data on the "Warren" plot that represents stack effect ventilation follows an 
asymptote passing through the origin. Consider the ventilation due to the stack effect 
Qt from equation 6.8; 
Fýgp, AT 
Qt =CajAI T (6.36) 
inserting equation 6.36 into equation 6.35, gives values of the ventilation 
parameter, F, in relation to the stack effect alone, becomes; 
Cd, 
2gh,, 
Pl 
AT 
F=T, (6.37) 
uý 
yet equation 6.34 for the Archimedes number can be rearranged to give: 
gAT U Ar 
= (6.38) ` Ti H 
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therefore, combining equation 6.37 and 6.38 gives; 
12hýp, u Ar Cdl 
F_H (6.39) 
ur 
or, 
F= KvrTr (6.40) 
where, 
K= Cap 
2r 
(6.41) 
Therefore, for a "Warren" plot where the ventilation parameter, F, is calculated from 
the ventilation rate determined by the velocity measurements any data plotted that lies 
close to, or on, a straight line with a gradient of K passing through the origin 
represents ventilation rate dominated by the stack effect. 
However, the "Warren" plot assumes an orifice flow/pressure drop relationship 
through the opening. Previous analysis has advocated that for the test cell subject to 
single-sided natural ventilation airflow through the openings follows a power law 
flow/pressure drop relationship. If a "Warren" plot were used where Qt above 
(equation 6.36) was calculated on the basis of a power law flow/pressure drop 
relationship (i. e. Qtemp of equation 6.26) the gradient of the stack effect dominant 
asymptote would not be independent of the wind velocity. Consequently, to analyse 
the measured data a modified "Warren" plot is required, designated here, for 
convenience, as the "Pinnock" plot. 
6.4.4 Modified "Warren" Plot - the "Pinnock" Plot 
In order to maintain the asymptote on the plot, where data reflects stack effect 
dominance, the ventilation parameter, F, in the "Warren" plot is modified to Fp, such 
that; 
FP Q 
AIU 2n (6.42) ind 
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where, Q= ventilation rate through the lower opening (m3/s) 
Ai = effective lower opening area (m2) 
Uwind = locally measured wind velocity (m/s) 
n= power law index (0.6348), derived in sub-section 6.3.5 
The wind velocity in Fp (equation 6.42) is raised to the power of '2W to ensure that the 
gradient of the stack effect dominant asymptote drawn on the "Pinnock" plot (Kr) is 
independent of the wind velocity as is the case on the "Warren" plot (see derivation of 
KP, equation 6.46, below). The "Pinnock" plot can be considered as the more general 
case of the "Warren" plot. The "Pinnock" plot is based on the power law flow/pressure 
drop relationship of airflow through openings, whereas, the "Warren" plot is based on 
the Bernouli flow/pressure drop relationship which is a special case of the power law 
relationship when index n=0.5. For example, the "Pinnock" plot comprises of a plot 
of: 
FP v. Arn where, FP =Qn 
which can be rewritten as: 
Qn 
2n V. 
Ar" 
A 
If power law index n 0.5, the "Pinnock" plot constitutes a plot of. 
Q 
A1U ºd 
which, reflects the axes of the "Warren" plot. 
The ventilation parameter of the "Pinnock" plot, Fp, loses its dimensionless quality 
(when n*0.5), however, this has no relevance. The object of the "Pinnock" plot (or 
"Warren" plot) is to remove the reliance of natural ventilation airflow measurements 
on wind velocity and the internal and external temperatures, not to produce 
dimensionless functions. The important criterion is that data reflecting stack effect 
dominance can be related to an asymptote drawn on the plot and that has a gradient 
that is independent of the wind velocity. 
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To establish the asymptote where stack effect is dominant, consider the temperature 
dependent ventilation rate calculated from the measured data, Q. p derived in 
equation 6.26; 
n 
AT/ 2gu 
Q, 
,= CdIA1y_I 
T, 
y (from 6.26) 
1+T, Ca, A, 
Ta Cdu 
as for the "Warren" plot, equation 6.34 for the Archimedes number can be 
rearranged to give: 
gHT 
=u Wý, aAr Ti (6.43) 
where, ur has been replaced by Und. 
combining equation 6.26 and 6.43 gives Qtemp in terms of Ar°; 
Qý ° 
CdAý2"Uwnd 
n . 
Ar° (6.44) 
cs: -Iý cyý cx) 
1+T Cdr Aý 
To Cdu Aý 
Therefore, inserting the stack effect ventilation rate, Qt,,,, p, from equation 
6.44 into equation 6.42 gives the value of the "Pinnock" plot ventilation 
parameter, Fp, where stack effect natural ventilation is dominant; Le Fp 
becomes, 
Fp = Kr . Ar" (6.45) 
where, 
Kp 
T (s: -I) (y) (Y)" 
(6.46) 
Tý Cdr Aý 
Consequently, a "Pinnock" plot constitutes Fp (calculated from the ventilation rate 
determined from the velocity measurements) plotted against Ar" and data representing 
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stack effect dominance lies close to, or on, a straight line with a gradient of Kp passing 
through the origin. 
6.4.5 "Pinnock" Plot Results 
"Pinnock" plots were developed from the same data used to establish the Q. t/wind 
velocity plots. A "Pinnock" plot was drawn for each wind direction from 0° to 355°N 
in 5° steps depending on the available quantity of data for each direction. Unlike for 
the Q,,,., /wind velocity plots, a "Pinnock" plot was developed for all wind directions 
except 170°N where only one data point existed. A set of the plots are documented in 
Appendix E, figure E-2. Typical plots are shown in figure 6.14a and b for 60°N and 
255°N to reflect the predominant easterly and westerly wind directions respectively. 
The ventilation parameter, Fp, was calculated from velocity measurements at the lower 
opening, to give the ventilation rate, Q, in equation 6.42, and the associated wind 
velocity for each time step. Similarly, Ar" was calculated from the measured 
internal/external temperature and wind velocity (i. e. from equation 6.34 raised to 
power of n). The resulting data points were plotted on the appropriate "Pinnock" plot 
reflecting the associated wind direction. A least squares best-fit line was plotted 
through the data for each wind direction. Also, a line was plotted to reflect the stack 
effect dominance on the basis of equation 6.45 (Fp = KpAr"). Strictly, the value for Kp 
is different for each data point (or time step) because the internal and external 
temperature used to calculate KP is different for each time step. However, even taking 
the maximum and minimum ratios of internal temperature to external temperature 
from all experimental data, when wind velocity is greater than zero, the value of Kp 
only varies from 0.471 to 0.478; a 1.5% variation. Consequently, an average Kp was 
calculated for each wind direction on the basis of the mean internal/external 
temperature ratio for that wind direction, from which the stack effect dominance 
asymptote was drawn. Over the complete wind direction range values of Kp only 
varied from 0.474 to 0.477, which was considered a negligible variation. 
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Initial inspection of the plots in appendix E, figure E-2, suggests a stack effect 
dominance tendency in the measurements as the data points fall along or in close 
proximity to the stack effect dominant asymptote. Even where there are limited 
amounts of measurements the data points follow the asymptote, see figures 6.15a and 
b for 125°N and 165°N wind directions. 
Figure 6.14a: "Pinnock" plot for wind direction of 60°N. 
Figure 6.14b: "Pinnock" plot for wind direction of 255°N. 
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In spite of the good correlation exhibited in figures 6.15a and b, figure 6.14b, for wind 
direction of 255°N, shows that the spread of data about the best-fit lines, in some 
cases, is quite considerable, particularly at higher values of Ar". High values of Ar" 
reflect a low wind velocity (see equation 6.34 for the Archimedes number). 
BATH Ar =T 
u2 
(from 6.34) 
Figure 6.15a: "Pinnock" plot for wind direction of 125°N. 
Figure 6.15b: "Pinnock" plot for wind direction of 165°N. 
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Equation 6.34 shows that at high Archimedes number a slight change in the wind 
velocity has a greater impact on the resulting value of Ar" than for low Archimedes 
numbers. Figure 6.16 shows the variation of wind velocity with Ar", in tabular and 
graphical form, for a typical internal/external temperature difference and internal 
temperature; highlighting the relative influence of a small change in wind velocity at 
high magnitudes of Ar°. Despite this, the greater spread of data points at higher values 
of Ar° is irrelevant because at values of A? greater than 4 the wind velocity is 
typically <0.2m/s. So, by virtue of the very low wind velocity in this region stack 
effect can be considered dominant by default (0.2m/s is equivalent to less than 
0.75km/h). 
Consequently, in order to ascertain stack effect dominance from the "Pinnock" plots 
the region of the plots where wind effect is potentially expected to have greater 
influence must be studied in more detail; i. e. at higher wind velocities or conversely 
lower values of M. To facilitate this the "Pinnock" plots were redrawn on graphs 
with a larger scale. 
Ar wind velocity (m/s) 
A, 
0.1 1.942 023 
0.2 1.373 0.36 
0.5 0.868 0.64 
1 0.614 1.00 
2 0.434 1.55 
5 0.275 2.78 
10 0.194 4.31 
20 0.137 6.70 
,. ý 3.0 
2.0- 
1.0 
Iti 
00.0 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 
Ar^n 
Figure 6.16: Variation of wind velocity with Ar". 
"Pinnock" Plots in the Region of High Wind Velocities 
Appendix E, figure E-3 documents the revised set of "Pinnock" plots to investigate the 
data at higher wind velocities. The maximum value of Ar° was restricted to 0.5, which 
corresponds to a typical minimum wind velocity of approximately 1 m/s (3.6km/h). 
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The plots reflect the region of higher wind velocities and correspondingly will 
potentially be able to indicate where wind effect could be significant. Figures 6.17a 
and b, for wind directions of 60°N and 255°N, are examples of the "Pinnock" plots 
shown in figures 6.14a and b but drawn to the larger scale. 
Figure 6.17a: "Pinnock" plot for wind direction of 60°N, drawn on a 
large scale to show the region reflecting wind velocity > 
1 m/s. 
0.4 hc4-fIlmc 
wind direction: 255°N 
Aprr. d l Imc 
lam 
L 0.3 
0.2 
% 
0.1 
0.0 
0.0 0.1 0.2 0.3 0.4 0.5 
Archimedes Number raised to the power of n, Ar^n 
Figure 6.17b: "Pinnock" plot for wind direction of 255°N., drawn on a 
large scale to show the region reflecting wind velocity > 
I m/s. 
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Inspection of the graphs in figure E-3, appendix E, shows that when a considerable 
quantity of data was available the measurements consistently follow the trend of the 
stack effect dominance asymptote (Kp gradient line); for example see figure 6.17b (for 
a wind direction of 255°N). Figure 6.18, for a wind direction of 195°N, identifies that 
even when there are small quantities of data the stack effect dominance is explicitly 
shown. However, in numerous cases the trend of the data points follows the asymptote 
but is shifted above or below it. Figure 6.17a, for a wind direction of 60°N, exhibits 
this characteristic but the underlying trend of the measurements is quite obviously in 
the direction of the stack effect dominant asymptote. 
Regardless of what effects are driving the natural ventilation the data points on the 
"Pinnock" plot will tend toward the origin (co-ordinate 0,0) as the wind velocity 
increases because both parameters (FP and Ar") are inversely proportional to the wind 
velocity raised to the power of 2n. Therefore, the best-fit lines should always pass 
through the origin. In general the data measurements follow the trend of the stack 
effect dominance asymptote advocating stack effect dominates wind effect when the 
test cell is subject to single-sided natural ventilation. Consequently, assuming the 
stack effect dominance, the best-fit lines drawn through data points on the "Pinnock" 
Figure 6.18: "Pinnock" plot for wind direction of 195°N, exhibiting 
stack effect dominance from a small quantity of data. 
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plots should pass through the origin. The shift of the best-fit lines offset from the 
origin (clearly seen in figure 6.18) must result from the variables that constitute the 
axis parameters (Fp and Ar°). Ar° is shown in equation 6.47 which identifies that it is 
calculated from measured values (internal and external temperature, Ti and T., and 
wind velocity, ur) and constant values (gravitational acceleration, g, height between 
openings, H, and power law index, n). 
r 
(L__ 
T; uý (6.47) 
Ventilation parameter, Fp, is shown in equation 6.42. Equation 6.42 can be combined 
with equation 6.5, which describes the ventilation rate calculated from the velocity 
measurements to give: 
Caws Fp= 
u'n (6.48) 
Fp is again calculated from measured values (velocity at the lower opening, vi, and 
wind velocity, u, ) and constants (discharge coefficient at the lower opening, Cdi, and 
power law index, n). From all of the components used to calculate Ar and Fp only Cdi 
and the index n are potential sources of error. Index n was empirically derived from 
the measurements and is considered valid for the set of data. The characteristics of an 
opening are surmised to be dependent on the direction of the airflow through the 
opening (i. e. dependent on the wind direction). Hence, Cd1 should vary with wind 
direction. Therefore, as Ca was used as a constant value for all wind directions in the 
calculation of Fp offset of best-fit lines through data on the "Pinnock" plots could be a 
result of an over- or under-estimation of Fp, depending on the wind direction. 
Similarly, the gradient of the stack effect dominance asymptote, K3,, is calculated from 
the discharge coefficients at the openings and the effective area of the openings, all of 
which are dependent on the flow characteristics of the openings (i. e. dependent on the 
wind direction). Therefore, the deviation of Kp from the gradient of the best-fit lines 
could also be a result of taking constant values of parameters that are really wind 
direction dependent. 
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The variation of the gradient and offset of the best-fit lines through the data points on 
the "Pinnock" plots were assessed further to see if there was a pattern relating to the 
wind direction. If a pattern exists, an assumption could be made that, with correct 
wind direction based algorithms for the discharge coefficients and effective area of the 
openings (used to calculate Fp and Kp), the best-fit lines on the "Pinnock" plots would 
pass through the origin and their gradient would match that of the stack effect 
dominance asymptote; i. e. that the single-sided natural ventilation in the test cell is 
dominated by the stack effect. 
Variation of Best-fit Lines on "Pinnock" Plots with Wind Direction 
Warren's definition of the ventilation parameter described earlier in Background to 
"Warren" plots' reinforces the proposal that the variation of the best-fit lines through 
data on the "Pinnock" plots is wind direction based. Warren suggests that the 
ventilation parameter is a function of wind direction as well as the Archimedes 
number (Warren, 1986). This is stated on the basis that single-sided natural ventilation 
is considered to be subject to a combination of wind and stack effects. Warren's 
analysis takes wind effect dominated data from the "Warren" plots by extracting 
measurements distant from the stack effect dominance asymptote. The extracted data 
is then plotted against wind direction. 
The proposal suggested from the "Pinnock" plots agrees that the ventilation parameter 
is a function of wind direction as well as the Archimedes number, but by a different 
criterion. Figures E-2 and E-3 in appendix E indicate that no data lies significantly 
distant from the asymptote, or the trend of the asymptote. Yet the shift of the offset of 
the best-fit lines from the origin and the deviation of their gradients from the stack 
effect dominance asymptote appears to be wind direction dependent. The dependency 
of the ventilation parameter on the wind direction relates to the flow characteristics of 
the openings changing as a result of the incident wind direction. 
Subsequently, the gradients and offsets of the best-fit lines through the data on each 
"Pinnock" plot were extracted for each wind direction and plotted against wind 
direction on figure 6.19a and b respectively. The solid black traces on figure 6.19a and 
b represents the raw values taken from the "Pinnock" plots. Where copious amounts of 
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data, to produce the "Pinnock" plots, were available (between 40° and 80°N and 2300 
and 285°N) the variation in gradient and offset from adjacent values was less 
pronounced. Therefore, the values of gradient and offset for each wind direction were 
smoothed by taking average values from points before and after the direction in 
question. The red line on figures 6.19a and b represents the smoothed values. 
Figure 6.19a: Variation of gradients of best-fit lines to 
"Pinnock" plots against wind direction. 
Figure 6.19b: Variation of offsets of best-fit lines to 
"Pinnock" plots against wind direction. 
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Figure 6.20a: Sinusoidal pattern superimposed on 
smoothed gradient curve from figure 
6.19a. 
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Figure 6.20b: Sinusoidal pattern superimposed on 
smoothed offset curve from figure 6.19b. 
Figures 6.19a and b suggest both the best-fit line gradients and offsets appear to vary 
sinusoidally with wind direction. Figure 6.20a shows a sinusoidal pattern 
superimposed on the smoothed gradient trace. The curve fit is fairly good, apart from 
the departure of the smoothed curve from the sinusoidal pattern which occurs where 
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little data was available. However, it is difficult to characterise the pattern of the offset 
curve with a sinusoidal pattern, see figure 6.20b. In spite of this the sinusoidal nature 
of the variation of both gradient and offset with wind direction is evident. 
The outcome of the sinusoidal nature is that the calculation of the ventilation 
parameter, Fp, could be revised on a wind direction basis to give a better likelihood of 
zero offset to the best-fit lines through data on the "Pinnock" plots for each wind 
direction. Similarly, the gradient of the best-fit lines will have a greater tendency to 
coincide with the gradient of the stack effect dominance asymptote, Kp, when 
calculation of the latter is also revised on a wind direction basis. The result being that 
data plotted will exhibit stack effect dominance with their best-fit lines following the 
stack effect dominance asymptote. Therefore, K can be rewritten in terms of wind 
direction (wd) alone on the basis of the gradient sinusoidal pattern developed in figure 
6.20a: 
Kp =0 . 475 + 0.042sin(wd - 70) (6.49) 
6.4.6 Conclusion 
The data plotted on the "Pinnock" plots exhibit stack effect dominance trends in the 
test cell subject to single-sided natural ventilation. The sinusoidal nature of the 
variation of gradient and offset of best-fit lines drawn through data on the plots 
supports the proposal that the flow characteristics of the openings change with the 
incident wind direction. When the wind direction is accounted for in the calculation of 
the opening discharge coefficients and effective areas the data on the "Pinnock" plots 
is anticipated to have best-fit lines that follow the stack effect dominance asymptote 
with no shift of offset or deviation of gradient of the best-fit lines seen in the figures in 
appendix E. 
Therefore, the trend toward stack effect dominance reflected in the "Pinnock" plots in 
figure E-2 and E-3 of appendix E can be taken to actually reflect stack effect 
dominance in the test cell subject to single-sided natural ventilation. Also, Warren's 
suggestion that the ventilation parameter, F, on "Warren" plots is a function of both 
wind direction and the Archimedes number is substantiated. 
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6.5 THE INFLUENCE OF WIND ON STACK EFFECT INDUCED 
VENTILATION RATES 
The investigation of the influence of wind on the measured ventilation rates by the 
"Pinnock" plots suggests stack effect is dominant in the test cell's single-sided regime 
and that the characteristics of the openings is wind direction dependent. Plots of 
Qý, t/Qtep were analysed where wind exists (i. e. wind velocity > 0m/s) to substantiate 
that stack effect is dominant and confirm that the influence of wind affects the 
magnitude of natural ventilation rates by virtue of the wind direction altering the flow 
characteristics of the openings. This being the case a sinusoidal pattern should be seen 
in the variation natural ventilation rates with wind direction. 
The Qvent/Qtemp plots were generated using the rules established for calculating Q, ent 
and Qten, p under "no wind" conditions; i. e. power law index n=0.6348 and effective 
lower opening area, Al = 0.1079m2. As for Q,, Jwind velocity plots Qvent was 
calculated using equation 6.5. Qt.,, p calculated from measured internal and external 
temperatures on the basis of the power law flow/pressure relationship through an 
opening, equation 6.26. Plots of Q,, 81t against Qump for different wind directions will 
help to show the effect of wind on the natural ventilation rate into the test cell in 
relation to the stack effect induced ventilation rate dictated by the associated 
temperature conditions. 
6.5.1 Measurements and Analysis Data 
The same measurement data used to generate the QVent/wind velocity plots and 
"Pinnock" plots was used to develop the Qvent/Q11,, p plots. Hence, the 72 
data files, 
holding measurements recorded for wind directions from 0° to 355°N in 5° steps, 
were used to calculate QC1t and Qtemp for each wind direction and time step. Plots of 
Q,,. n against Qtemp were drawn for each wind direction and best-fit lines drawn 
through the data. As before, owing to the random nature of the processes involved 
limiting the qualitative information that could be obtained from small quantities of 
data, a plot was not produced when less than 10 measurements were available for a 
particular wind direction. 
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6.5.2 Qvent/Qtemp plots 
In total 53 plots were developed for the 72 possible wind directions; 00 to 110°N and 
205° to 350°N. A set of the plots are documented in Appendix E, figure E-4. Each 
wind direction plot exhibit the same linearity trend between Qve,, t and Qtemp found in 
the results for the "no wind" conditions supporting the dominance of stack effect 
induced ventilation over wind effect. For example, figure 6.21, for a 225°N wind 
direction, shows a better range of Qwmp where the spread of internal/external 
temperature is more varied than was seen in the "no wind" situation (figure 6.5) and 
emphasises the linear trend between Qvent and Qtemp" 
In general terms the spread of measurements about the best-fit lines is greater for 
easterly wind direction than for westerly winds, suggesting the local incident wind on 
the test cell is more turbulent when from the east. This follows the findings of the 
investigation into the local wind pattern from the wind tunnel experiments. 
A significant aspect noted from the QelQtemp plots was the variation of gradient and 
offset of the best-fit lines drawn through the data as the wind direction varies. The 
variation was investigated by separately plotting the gradient and offset from each plot 
Figure 6.21: Plot of Qve, t against Qtmup when wind 
velocity > Om/s for wind direction of 
225°N. 
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against the associated wind direction to identify whether the variation followed a 
sinusoidal pattern as in the case of the "Pinnock" plots analysis. 
Figure 6.22a: Variation of gradients of best-fit lines to 
Qe, t/Qtemp plots against wind direction when 
wind velocity > Om/s. 
Figure 6.22b: Variation of offsets of best-fit lines to 
Q,,,,,, t/Qtmp plots against wind direction when 
wind velocity > Om/s. 
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Figure 6.22a and b show graphs of gradient and offset of the best-fit lines plotted 
against wind direction respectively. Where insufficient data was available (between 
115° and 200°N inclusive and at 355°N) values were linearly interpolated from the 
known results. The solid black trace on the graphs represents the raw results. As for 
figures 6.19a and b showing the variation of gradient and offset of the best-fit lines 
through "Pinnock" plots the values of gradient and offset on figure 6.22a and b were 
similarly smoothed by taking averages values from points before and after the 
direction in question. The red line on figures 6.22a and b identifies the smoothed 
results. 
Again, the smoothed results appear to follow a sinusoidal pattern. Figure 6.23a and b 
plots the smoothed results for gradient and offset respectively along with a 
superimposed curve generated to match their sinusoidal pattern. The gradient appears 
to oscillate at twice the frequency of the offset. The obvious departure of the 
smoothed gradient curve from the superimposed sinusoidal pattern on figure 6.23a 
occurs over wind directions where very little data was available (around the southerly 
direction). Similarly, a marginal consistent departure can be seen in the smoothed 
offset curve for like wind directions, figure 6.22b. However, the variation of gradient 
and offset of the best-fit lines from Q, ent/Qtemp plots with wind direction can be 
considered, with a high degree of confidence, to vary sinusoidally. 
As a consequence, from these results the variation of gradient and offset of the best-fit 
lines of Q,,. t/Qtmp plots for wind velocity > Om/s can be written exclusively in terms 
of wind direction: 
Kgmd =0 . 79 + 0.10sin(2 x (wd - 35)) (6.50) 
and 
Kofff = 0.0033 + 0.0033 sin(wd + 10) (6.51) 
where, wd = wind direction (degrees) 
Kgmd = gradient of best-fit lines on QvenIQtemp Plots 
Koffer = offset of best-fit lines on Qyen jQtemp plots 
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Figure 6.23a: Sinusoidal pattern superimposed on smoothed 
gradient curve from figure 6.22a. 
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Figure 6.23b: Sinusoidal pattern superimposed on smoothed 
offset curve from figure 6.22b. 
6.5.3 Conclusions 
The linearity trends between Qc ,,, t and 
Qtemp exhibited on the plots in figure E-4, 
Appendix E, for each wind direction supports the findings from the "Pinnock" plots 
that stack effect is dominant over wind effect for the test cell subject to single-sided 
natural ventilation. The two sinusoidal patterns generated from the Qvent/Qtemp plots 
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have been created from raw data measuring parameters influenced by naturally 
occurring forces that follow random and not sinusoidal patterns. At no point in the 
analysis has any periodic trends been applied to the raw data. On this basis the 
sinusoidal pattern of the gradient and offset of best-fit lines through Qvent/Qtemp plots 
for each wind direction appears highly significant. 
As for the sinusoidal pattern seen in the best-fit line drawn on the "Pinnock" plots for 
each wind direction the sinusoidal pattern seen in the Qvenc/Qtemp plots, when wind is 
present, is considered to be a result of the wind direction influencing the direction of 
airflow through the openings and, consequently, affecting the flow characteristics, or 
resistance of the openings. In the analysis the discharge coefficient and effective area 
of the openings were taken as constant values, whereas, they should be variables 
related to the wind direction. 
Therefore, the driving force for the single-sided natural ventilation rates in the test cell 
are generated by the internal/external temperature difference (dominated by the stack 
effect) but regulated by the wind direction which influences the resistance of the 
openings through which the air passes. Equations 6.50 and 6.51, which describe the 
variation of the gradient and offset of Qet/Qtemp plot best-fit lines, suggest that a 
model can be produced to predict the single-sided natural ventilation rates on the basis 
of internal and external temperature and wind direction. 
6.6 PREDICTION MODEL 
The findings from the Q1e1t/Q ,,, , plots allow an algorithm to be developed to predict 
the single-sided ventilation rate into the test cell. The analysis has identified that the 
stack effect induced ventilation rates calculated from internal and external 
temperature, Qcýp, can be related to the actual measured ventilation rates from air 
velocity measurement, Q, mt, by incorporating the influence of the direction of the 
impinging wind. Therefore, a model can be developed to predict the single-sided 
natural ventilation rate for the test cell simply on the basis of wind direction, internal 
and external temperature difference. 
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Qprea; a =K_Q +Koff 
where, 
n 
Q= CA 
2gH AYT 
y 
1+ T; C(n Al 
Te Ca 
Kgw = 0.79 + 0.10 sin(2 x (wd - 35)) 
Koff = 0.0033 + 0.0033 sin(wd + 10) 
(6.52) 
(from 6.26) 
(from 6.50) 
(from 6.51) 
Figure 6.24 shows the variation of the predicted ventilation rate, Qpredicted, against 
internal/external temperature difference, AT, and wind direction, wd. Numerous plots 
can be drawn with different external temperatures, Te. However, as the units of 
temperature in the model are Kelvin the variation in Qpndi ed with different Te is 
minimal; at AT = 20°C and any particular wind direction Qp,, didvaries by only 6.9% 
over a 40°C range in T. Therefore, figure 6.24 was drawn to reflect an external 
temperature of 12°C. 
6.6.1 Conclusions 
Figure 6.24 highlights the impact of the parameters affecting the single-sided natural 
ventilation rates in the test cell. For any given wind direction the magnitude of the 
predicted ventilation rates increases as the internal/external temperature difference 
increases. Hence, the ventilation rate is driven by the stack effect; i. e. the pressure 
drop generating the airflow through the openings is purely a result of the stack effect. 
The influence of the wind is due to the wind direction altering the resistance of the 
opening to the airflow. The wind direction dictates the direction of the air flow path 
through the openings and so changes the flow characteristics of the openings by 
altering the discharge coefficients and the effective opening area. For example, the 
pressure drop required across the opening to generate a given airflow varies depending 
on the direction of the flow path. In simple terms, the internal/external temperature 
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difference defines the driving potential for airflow through the opening (the pressure 
drop) while the wind direction defines the resistance of the opening which dictates the 
magnitude of airflow that the pressure drop developed can generate. 
Figure 6.24: Variation of predicted single-sided natural 
ventilation rate into the test cell with 
internal/external temperature difference and wind 
direction. 
. 
6.7 PREDICTION MODEL TESTS 
Analyses of measurements recorded from the main experiments have indicated stack 
effect dominance at the test cell subject to single-sided natural ventilation rates. The 
model developed can predict the natural ventilation rates on the basis of only three 
easily measured parameters; internal and external temperatures and the local incident 
wind direction, however, the model needs to be validated. 
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The model was validated and tested with two sets of data. Firstly, with data used in the 
model development to establish that no errors were introduced in the model 
generation. Secondly, with independent data not used in its development to test the 
prediction ability of the model and confirm the conclusion that the opening 
characteristics should be related to the wind direction and not reflect constant values. 
The independent data was taken from the temperature stratification experiments. 
In order to test the model, model predicted ventilation rates were compared with 
actual ventilation rates calculated from velocity measurements, Q, en,. This predicted 
(model) ventilation rates were calculated from equation 6.26 and 6.50 to 6.52 as 
follows: 
QP,, a; a= Kv , aQ ,. v 
+ Kofff 
where, 
n 
2gx AT 
Qte = CWA, y_, 
I+T 
TcCau Au 
Kgmd=0.79+010sin(2 x (wd-35)) 
Kofff = 0.0033 + 0.0033 sin(wd + 10) 
where, power law index, n=0.6348 
discharge coefficients, Cdi = Cd = 0.61 
effective lower opening area, Al 0.1079m2 
effective upper opening area, A = 0.0710m2 
(from 6.52) 
(from 6.26) 
(from 6.50) 
(from 6.51) 
The actual (measured) ventilation rate was calculated from velocity measurements at 
the lower opening based on equation 6.5; 
Qmm, = CdýA, v, (6.53) 
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The tests were performed in two groups; when the wind velocity was zero (natural 
ventilation rates unequivocally due to stack effect) and when wind velocity was 
greater than zero. 
In the "no wind" situation the wind direction is irrelevant. Therefore, Kmd was taken 
as unity and K°trt as zero. Data relating to wind velocity of Om/s was extracted from 
the measurements and was split into two groups with an internal/external temperature 
difference above and below 5.2°C; the same split in the temperature difference 
measurements used in the Q,, eAJwind velocity plots. The results were plotted on graphs 
comparing the model predicted ventilation rates, QMd; cted, and the actual ventilation 
rates, Qa,  i, calculated from the velocity measurements of airflow through the lower 
opening, by plotting them sequentially as recorded in the data files. The abscissa of 
the plots was, therefore, designated sample number. 
For wind velocity greater than Om/s equations 6.50 and 6.51 were used in full; i. e. 
was fully incorporated into equation 6.52. Q; dm and Q81ei were Kgmd and Kff. red 
calculated from the relevant data extracted from the measurements when wind 
velocity was >Om/s. Again the data was split into two distinct temperature difference 
groups; EtT>5.2°C and QT<5.2°C, In order to reduce the quantity of results available 
within each group, average ventilation rates were taken for each wind direction. The 
average predicted and actual rates were then plotted against wind direction for 
internal/external temperature difference above and below 5.2°C. 
6.7.1 Model Check against Non-Independent Data 
Figures 6.25a and b show the results for the model check against non-independent 
data for the "no wind" situation. Both graphs suggest the predicted and actual 
ventilation rates are significantly comparable for high and low ranges of 
internal/external temperature difference. However, the actual rate is more variable 
than the predicted owing to the relative instability of velocity measurements (used to 
calculate the actual rates) over the temperature measurements (used to calculate the 
prediction). The average ventilation rates for predicted and actual results for each 
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temperature difference group are shown on the graphs and, within the accuracy of the 
measuring regime, are considered same. 
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Figure 6.25a: Non-Independent Data Model Test: Comparison of model 
predicted and actual ventilation rates for internal/external 
temperature difference >5.2°C when "no wind" was 
present. 
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Figure 6.25b: Non-Independent Data Model Test: Comparison of model 
predicted and actual ventilation rates for internal/external 
temperature difference <5.2°C when "no wind" was 
present. 
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Figure 6.26a: Non-Independent Data Model Test: Comparison of model 
predicted and actual ventilation rates against wind direction 
for internal/external temperature difference >5.2°C when 
wind velocity >Om/s. 
Figure 6.26b: Non-Independent Data Model Test: Comparison of model 
predicted and actual ventilation rates against wind direction 
for internal/external temperature difference <5.2°C when 
wind velocity >Om/s. 
The results of the model check when wind velocity was >Om/s is shown in figures 
6.26a and b. The sinusoidal trend of the model, as visualised in figure 6.24 (where the 
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predicted ventilation rate is plotted against internal/external temperature difference 
and wind direction), can also be seen in figures 6.26a and b. The comparison between 
the predicted and actual ventilation rates is good, particularly where large quantities of 
data were available for averaging; i. e. around easterly and westerly wind directions. In 
these regions the predicted track the actual ventilation rate quite closely. 
The overall conclusion of the model check is that the model successfully predicts the 
actual ventilation rate suggesting that the it gives a good interpretation of the 
measurements from which it was derived and no error we introduced in its 
development. 
6.7.2 Model Test against Independent Data 
The model was tested against data that was not used in its generation in order to 
validate it as a general prediction tool (albeit only for the test cell in question and 
possibly for similar sheltered situations) and show that it does not only reflect a 
simplification of the data from which it was developed. 
Measurements from the temperature stratification experiment falls into the category 
for suitable model test data; 
i) the data was not used in the model generation, 
ný the data provides varying internalexternal temperature differences giving a 
good spread of measurement allowing the model to be tested for different 
levels of ventilation rate, 
iii) the data provides measurements with no wind, so, the model can be tested 
with the influence of wind, and where only stack induced driving forces are 
present 
iv) the location of sensors measuring the internal temperature are similar, 
although, not identical to that in the main experiment used to generate the 
model. 
In the temperature stratification experiment, internal temperature measurements were 
taken at 12 heights in one location. In order to obtain as close as possible comparison 
to measurements used to generate the model, measurement at similar heights to the 
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main experiment were used to obtain the average internal temperature for the 
calculation of Qtemp and ultimately Qped; cwd. 
In the "no wind" situation only measurements for the higher internal/external 
temperature difference were available, so only one graph could be plotted, figure 6.27 
shows the results. The CIBSE Guide Section A4 predicted ventilation rate (equation 
2.39 in sub-section 2.1.6 - shown below) for stack effect single-sided natural 
ventilation was also calculated and plotted on figure 6.27 and is represented by the 
blue plot. 
sV-2 gHAT QMck - Cd``ý (from 2.39) [(1 
+E) 1+s2 T 
where, 
A=A, +Au; c= 
-; ; i=Ti 2Te 
Figure 6.27: Independent Data Model Test: Comparison of model 
predicted and actual ventilation rates when "no wind" was 
present. 
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The relatively less stable nature of the actual ventilation rate is again identified and 
comparison of the actual and model predicted ventilation rates is good. The predicted 
natural ventilation rates follow the trend of the actual rates and the average of the 
predicted and actual ventilation rates can be considered as identical. The CIBSE 
predicted ventilation rate appears to over-predict the airflow. The average predicted 
ventilation rate (from the model) = 0.0313m3/s and the average actual ventilation rate 
(from the velocity measurements) = 0.0314m3/s, whereas, the average CIBSE 
predicted ventilation rate is (0.0350m3/s). 
During the temperature stratification experiment, with wind velocity >Om/s, the wind 
only blew over a limited direction range, so, the test was restricted to wind directions 
where three and more measurements were available. As a result a model test could 
only be performed over wind directions between 220°N and 280°N, the results are 
plotted on figures 6.28a and b. 
The CIBSE predicted ventilation rate was again calculated and plotted on figures 
6.28a and b (represented by the blue plot). In the instance where wind was present 
CIBSE Guide Section A4 suggests the predicted ventilation rate is calculated using 
both formulae (for wind only and temperature difference only) and the larger value is 
taken. CIBSE wind effect single-sided natural ventilation is calculated from equation 
2.38 (see sub-section 2.1.6); 
0.025Aut (from 2.38) 
In order for the ventilation rate calculated from the wind only formula (equation 2.38) 
to be higher than that calculated from temperature difference only formula (equation 
2.39) the wind velocity would have to be in excess of 4m/s even when the 
internal/external temperature difference was lower as in figure 6.28b. Over the 
measuring period when the relevant data was recorded the wind velocity was around 
2m/s, therefore, the CIBSE prediction ventilation rate was calculated from equation 
2.39; i. e. based on internal/external temperature difference rather than wind velocity. 
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Figure 6.28a: Independent Data Model Test: Comparison of model 
predicted and actual ventilation rates against wind direction 
for internal/external temperature difference >5.2°C when 
wind velocity >Om/s. 
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Figure 6.28b: Independent Data Model Test: Comparison of model 
predicted and actual ventilation rates against wind direction 
for internal/external temperature difference <5.2°C when 
wind velocity >Om/s. 
Even with the small quantity of data, consistency of the model predicted ventilation 
rates with wind direction is good. However, figures 6.28a and b identify that the 
model over predicts the ventilation rates for higher internal/external temperature 
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differences and under predicts for lower differences, although, the degree of the over- 
and under- prediction is consistent. The CIBSE predicted ventilation rates are again 
higher than the model prediction, but in the case of the lower internal/external 
temperature difference it provides a close comparison with the actual ventilation. 
Characteristics of the Model 
The over- and under-prediction of the model could be related to the flow 
characteristics through the openings. The analysis of the "Pinnock" plots, the 
Qvent/Qtenºp plots and generation of the model identified that the characteristics of the 
openings should be treated as a variable rather than a constant. The influence of the 
wind direction suggested the resistance of the opening to airflow varied with the 
direction the air passed through the opening. The model test indicates that the velocity 
of airflow through the opening also requires the characteristics of the opening to be 
treated as a variable and not a constant. 
Consider the vena contracta of the airflow through the opening in relation to the 
velocity of the airflow. The location of the vena contracta in a jet of fluid passing 
through an aperture is related to the velocity of the fluid in the jet; i. e. the greater the 
jet velocity the further the vena contracta occurs from the opening and the smaller the 
area of the vena contracta. 
location of 
measurem 
- direction of flow 
Figure 6.29: Variation of velocity and effective 
opening area in fluid jet through an 
aperture. 
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Figure 6.29 illustrates that the position of the velocity measurement and estimation of 
the effective opening area in the fluid jet relative to the vena contracta is important 
when determining the volumetric flow rate (or ventilation rate) through an opening. At 
position 'A' the velocity measured, va, with an associated effective area, Aa, gives the 
volumetric flow rate of Q (ignoring the discharge coefficient for simplicity). At 
position B' the velocity measured, vb, relates to a larger effective area Ab to give the 
same volumetric flow rate, Q, in the jet. The model was generated over a wide 
velocity range, yet the velocity measurements were always taken at the same distance 
from the opening and the effective opening area was set at a constant value. 
Consequently, as the ventilation rate increases, the velocity measurements should be 
coupled with a different effective area associated with the shift of the vena contracta 
to give the correct ventilation rate. The effective opening area should be adjusted in 
relation to the ventilation rate accordingly. Assuming, as the analysis has suggested, 
the stack effect provides the driving force in single-sided natural ventilation the 
effective opening area could be rewritten as a function of the ratio of internal/external 
temperature difference to internal temperature which are the variables that constitute 
the drive force. 
Consider the actual ventilation rate, Qacai, (from equation 6.53) and predicted 
ventilation rate, Q aicte i, (from equation 6.52) as proportionalities in respect to the 
lower opening area, Ai: 
Qactua, oc A, 
and 
(6.54) 
Qpredicted °C 
A' 
g+Kz (6.55) (i + K, A, y) 
where, KI and K2 are constants. 
Equations 6.54 and 6.55 show that a change in Ai will create a greater change in Q8ca, 
than in Qpredicted" Therefore, adjustment of Al in the correct manner will bring the 
actual and predicted ventilation rates, shown in figures 6.28a and b, closer together at 
both high and low internal/external temperature difference. For example, if the vena 
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contracta was in a location relative to the velocity measurement position such that the 
effective opening area used in the calculation of Q$c,,, ai and Qpredicted for low 
internal/external temperature difference was too high a reduction in Ai would reduce 
Qpredicted less than Qactai bringing their magnitudes closer together. Conversely, for 
high internal/external temperature difference. 
The CIBSE predicted ventilation rates are higher than the model predicted rates at 
both low and high internal/external temperature differences. However, at the low 
internal/external temperature difference the CIBSE equation closely predicts the 
actual measured ventilation rate (figure 6.28b), whereas, at higher internal/external 
temperature difference the CIBSE prediction is considerably higher (approximately 
40%) than the actual ventilation rate (figure 6.28a). This again suggests the opening 
flow characteristics should be variables rather than constants and it appears to be just 
fortuitous that at the lower internal/external temperature difference (figure 6.28b) the 
constant values used appear to reflect the flow characteristics of the opening; i. e. the 
predicted rate reflects the actual rate. 
This reasoning for the over- and under-prediction seen in the model predicted 
ventilation rates in figure 6.28a and b could explain why it was found in the analysis 
of Q,, e,, with wind velocity that 
it was necessary to split the data into the high and low 
internal/external temperature difference groups. The functionality of effective lower 
opening area in relation to the internal/external temperature difference to internal 
temperature ratio is unlikely to be linear. The point at which the velocity of airflow 
through the opening is measured for different ventilation rates could be before or after 
the vena contracta in the direction of the airflow. Also, shape of the jet stream and the 
area of the vena contracta itself (or throat of the jet stream) varies with velocity. 
Figure 6.30 shows how the shape of jet stream, area of jet stream and position of vena 
contracta can vary with the velocity of the airflow through an opening. 
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Figure 6.30: Difference of the jet stream through an 
opening in relation to the velocity of the 
airflow. 
For example, consider the jet stream reflecting a relatively higher velocity; the right 
hand example in figure 6.30. As the velocity of the jet stream reduces the location of 
the vena contracta shifts toward the opening; i. e. toward the position at which the 
velocity is measured. Hence, the effective area of the opening (where the velocity is 
measured) is expected to be smaller. However, owing to the lower jet stream velocity 
the contraction in the jet stream through the opening is less resulting in a larger 
effective area. This illustrates that the relationship between the effective opening area 
to the ratio of internal/external temperature difference to internal temperature is not 
linear. 
The over- under-prediction phenomena was not seen in figures 6.26a and b in the 
model check because the data used to generate and test the model was the same. The 
apparent relationship between opening area and ventilation rate through the opening 
was lost within the model algorithms generated. 
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Conclusions 
The predicted ventilation rates from the model are comparable to the actual ventilation 
rates measured over the wind direction tested. However, the model predicted rates are 
consistently higher or lower than the measured rate depending on the level of the 
internal/external temperature difference. The over- and under-prediction could be a 
result of the different flow pattern and shift of the vena contracta in the fluid flow 
through the opening at different ventilation rates. Whereby, the effective lower 
opening area used as a constant value in calculation of the predicted and actual 
ventilation rates should be a variable; varying as a function of the internal/external 
temperature difference to internal temperature ratio. 
CHAPTER 
7 
CONCLUSIONS & FUTURE WORK 
7.1 BACKGROUND 
Much work has been recently undertaken in natural ventilation over the last few years. 
However, studies have tended to concentrate on cross-flow natural ventilation, single- 
sided mode has been investigated to a lesser extent and models from British 
Standards, CIBSE and ASHRAE handbooks for predicting single-sided natural 
ventilation are fairly simplistic. They also assume that both wind and stack effects 
have an influence on the resultant natural ventilation rates yet the combination of the 
two driving forces is ill defined. Consideration of the mechanisms of wind and stack 
effect led the author to further investigate the influence of wind on single-sided 
natural ventilation. 
7.2 SUMMARY 
Full scale trials were considered the preferable method of testing natural ventilation 
mechanisms as opposed to wind tunnel tests, salt bath models and CFD. They allow 
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real time scale events and the actual physical occurrences to be measured in relation to 
the prevailing incident weather conditions. There is no simulation model involved in 
generating the natural driving forces so the danger of introducing errors through the 
simulation, as required for the latter three techniques, is eliminated. However, owing 
to the random nature of wind conditions copious quantities of data need to be recorded 
for credible analyses. Also, in the situation investigated -a low-rise building situated 
in a sheltered in-fill location - the surrounding environment dictated that the local 
wind conditions were restricted to two predominant wind directions; namely westerly 
and easterly winds. Therefore, good analysis of data relating to all wind directions has 
been somewhat limited, although, the trend of phenomena occurring can be 
established. 
Initial experiments confirmed the location of a local weather station through wind 
tunnel experiments and, subsequently, substantiated the findings that the prevailing 
wind conditions would manifest as two predominant local wind patterns. 
Characterisation of the test cell established air infiltration (leakage) was kept to a 
minimum and later analysis confirmed the uncertainty of the impact of leakage sites 
could be ignored. 
7.2.1 Characterisation of the Measuring Regime from the "No Wind" 
Situation 
When "no wind" was present the measured ventilation rates into the test cell must 
reflect the stack effect induced natural ventilation rates calculated from the 
temperature measurements. This equality relationship between measured and 
calculated ventilation rates in the "no wind" situation was used to characterise or 
clarify some uncertainties in the measuring regime. For example, leakage sites were 
established to be insignificant and values representing the characteristics of the 
openings were defined. More significantly the measurements supported the 
philosophy advocated by Walker & Wilson (1998), and used in the Alberta Infiltration 
Model (AIM-2) (Walker, 1990), that flow through an opening in a building 
environment is related to a power law relationship with pressure drop across the 
opening rather than the conventional Bernoulli criterion. The analysis identified that 
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the ventilation airflow through the opening was proportional to the pressure drop 
raised to the power of n, where n=0.6348, see equation 7.1. The Bernoulli equation 
reflects the special case of the power law flow/pressure drop relationship where the 
index n=O. S. 
Qc Apo (7.1) 
Walker et al proposed for buildings that the power law index, n-' 0.67. The established 
value of n from the experiment data was, therefore, considered a valid interpretation 
of the processes driving the airflow through the test cell openings and was used in all 
subsequent analyses. 
7.2.2 The Influence of Wind on Measured Ventilation Rates 
Ventilation rates calculated from the velocity measurements were plotted in relation to 
the wind velocity for each wind direction. The relationship between the ventilation 
rates and wind velocity was identified to follow a quadrature pattern, however, the 
variation in the ventilation rates to wind velocity were minimal. The minimum 
ventilation rate for each wind direction occurred at higher wind velocities as the 
internal/external temperature difference increased; i. e. a higher wind velocity is 
required before a positive influence on the ventilation rates is experienced when the 
stack effect driving forces are high. Conversely, this suggest that at wind velocities 
smaller than the level that dictates the minimum ventilation rate the increasing wind 
velocity counteracts the ventilation rates. However, for all practical purposes variation 
of ventilation rate with wind velocity was non-existent, so, the measurements were 
tested further to confirm stack effect dominance. 
Plotting the measurements on a "Warren" plot can test stack effect dominance. 
However, "Warren" plots are based on the Bernoulli flow/pressure relationship, which 
was shown to be incorrect for the openings in the test cell. Therefore, the ordinate and 
abscissa of the "Warren" plot was modified to reflect the power law flow/pressure 
drop relationship defined from the analysis of the "no wind" situation measurements. 
For convenience, the modified "Warren" plots were designated the "Pinnock" plots. 
An asymptote can be applied to the " Warren" plot whereby data lying close to, or on, 
the asymptote reflect stack effect dominated measurements. Similarly, an asymptote, 
Chapter 7 CONCLUSIONS & FUTURE WORK 198 
derived to reflect the power law flow/pressure relationship can be applied to the 
"Pinnock" plot. 
Measurement data plotted on the "Pinnock" plots exhibited a trend tending to stack 
effect dominance for all wind directions. If all data on a plot represented stack effect 
dominance the best-fit line drawn through the data would lie along the stack effect 
dominant asymptote. The trend of the data points suggests stack effect dominance but 
their best-fit lines deviates from the asymptote. The variation of the best-fit line was 
shown to be sinusoidally related to the wind direction. The variation of the flow 
characteristics of the openings with wind direction was considered to be the cause of 
the deviation of the best-fit lines in the "Pinnock" plot by affecting the ventilation 
parameter plotted on the ordinate. Inclusion of the impact of wind direction on the 
opening flow characteristics is anticipated to align the best-fit line with the stack 
effect dominance asymptote. So, establishing that the trends exhibited on the existing 
"Pinnock" plots did in fact indicate stack effect dominance in the test cell subject to 
single-sided natural ventilation. 
7.2.3 The Influence of Wind on Stack Effect Induced Ventilation Rates 
Ventilation rates calculated from the velocity measurements. Qvent, were compared to 
the ventilation rates calculated from the internal/external temperature difference, 
Qtemp, when the wind was present, to confirm the findings from the "Pinnock" plots; 
i. e. that stack effect is dominant in the test cell subject to single-sided natural 
ventilation and the flow characteristics of the openings varies with wind direction. 
Comparison of Q nt against Qt np identified that their relationship varied sinusoidally 
with the wind direction. As for the "Pinnock" plots, the sinusoidal pattern was 
considered to be a result of wind direction affecting the airflow direction through the 
openings and, consequently, changing the flow characteristics of the openings. In all 
of the analyses the flow characteristics, defined from the "no wind" situation, reflected 
constant values. Therefore, the sinusoidal pattern seen suggests the flow 
characteristics of the openings should vary sinusoidally with wind direction. 
The result of the analysis identified that ventilation rates calculated from velocity 
measurements were fundamentally dependent on the internal and external 
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temperature. The influence of the wind direction affects the resistance of the openings; 
i. e. dictates the quantity of airflow through the opening for a given pressure drop. 
Whereas the internal and external temperature actual creates the pressure drop that 
drives the flow across the openings. The analysis, therefore, confirmed that single- 
sided natural ventilation in the test cell is stack effect dominant. 
7.2.4 Prediction Model 
The sinusoidal pattern seen from the Qvent/Qtemp plots enabled a prediction model to 
be developed whereby the natural ventilation rates in the test cell subject to single- 
sided natural ventilation could be established purely on the basis of internal and 
external temperature and wind direction. The inclusion of the wind direction in the 
function reflects the influence of the direction on the flow characteristics of the 
opening. 
7.2.5 Prediction Model Tests 
Validation of the prediction model with the measurements from which it was 
generated confirmed a good fit to the data had been achieved. Model validation or 
testing was subsequently undertaken with independent data. For "no wind" conditions 
the model could accurately predict the measured ventilation rate. However, when 
wind was present the model provided an over-prediction for high internal/external 
temperature differences (high stack effect driving forces) and under-prediction for low 
internal/external temperature differences (low stack effect driving forces), although 
the over-and-under-prediction was consistent. 
The over-and under-prediction was proposed to be a result of a change in the flow 
pattern and the shift of the vena contracta of the airflow through the opening with 
different air velocities, hence ventilation rates. The consequence of the shift and 
change in the flow pattern affects the value of effective opening area associated with 
the velocity measurement location used in the calculation of model predicted and 
actual measured ventilation rates. The area change has different impacts on the 
predicted and actual ventilation rate so adjusting them by different amounts. 
Therefore, correctly relating the effective opening area to the ratio of internal/external 
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temperature difference to internal temperature would result in actual and predicted 
ventilation rates being harmonised for both high and low temperature differences; i. e. 
relate the effective area to the ratio which affects the driving potential of the airflow or 
the magnitude of velocity. 
The apparent necessity for inclusion of a relationship between the area and the 
temperature is suggested to explain the need to split measurement data, during some 
of the analyses, into high and low internal/external temperature differences. 
Furthermore, if such a relationship was incorporated the magnitude of the 
internal/external temperature difference could be overlooked in any future analysis 
and distinction would not be necessary between data measurements and calculated 
values with high or low internal/external temperature differences. 
7.3 MAIN CONCLUSIONS 
A number of conclusions can be drawn from the research. Firstly, that flow/pressure 
drop relationships through openings in buildings are better described by a power law 
relationship rather than the conventional Bernoulli equation where the pressure drop is 
based on the square of the flow rate. This is in agreement with Warren and Webb 
(1980), Walker and Wilson (1998) and the AIM-2 model (Walker 1990). 
The main conclusion is that natural ventilation rates in the test cell subject to single 
sided natural ventilation is dominated by the stack effect. Also, that the single-sided 
natural ventilation rates in the test cell can be predicted form the internal and external 
temperature and the local wind direction. The influence of the wind direction is due to 
the impinging wind direction affecting the direction of airflow through the openings 
and, so changing the characteristics, or resistance to the airflow, of the opening. The 
internal/external temperature difference develops the driving force for the air 
movement (the pressure drop) whereas the wind direction alters the resistance of the 
opening to the air movement. 
The test on the developed prediction model highlights that the flow characteristics of 
the opening can be related to the velocity of the airflow passing through the opening. 
Therefore, the flow characteristics of the openings are not only direction dependent 
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but also velocity dependent and constant values for the discharge coefficient and 
effective area of the openings are inadequate for satisfactory modelling. A function 
relating the discharge coefficient and effective area of the opening to the direction of 
the airflow and the driving force creating the airflow will better describe the flow 
characteristics of the opening. 
The plots showing ventilation rates against wind velocity exhibit a slightly 
counteractive effect to the buoyancy driven stack effect at low wind velocities. Yet as 
the wind velocity increases a transition occurs where the wind appears to revert to 
positively influencing the ventilation rates. However, this variation in ventilation rate 
with wind velocity is very marginal. The results from the "Pinnock" plots indicate that 
for all practical purposes the single-sided natural ventilation rates at the test cell can 
be treated as stack effect dominated and the wind velocity has no influence on the 
resultant ventilation rates. 
Fundamentally the stack effect dominance in'single-sided mode natural ventilation 
suggests that the sheltered or in-fill location of a building that is protected from 
prevailing wind conditions should not limit the advantages that can be realised form 
utilising natural ventilation as a mode of ventilation. 
7.4 FUTURE WORK 
For single-sided applications the power law flow/pressure drop relationship should be 
used for the airflow pattern through openings in buildings. In conjunction, modified 
"Warren" plots ("Pinnock" plots), incorporating the power law flow/pressure drop 
relationship, should be established for analysis purposes. 
The inter-relationship between the effective opening area and the internal/external 
temperature differencelinternal temperature ratio and between the opening discharge 
coefficient and direction of the incident wind direction affecting the flow path through 
the opening should be investigated and established. The "Pinnock" plots should then 
show "true" stack effect dominance rather than the trend of stack effect dominance 
seen in the plots in this study. Also, the predicted ventilation rates from the prediction 
model developed should align more closely with the measured ventilation rates. 
Chapter 7 CONCLUSIONS & FUTURE WORK 202 
Similar trails and analysis should be undertaken on other buildings in different 
locations subject to single-sided natural ventilation to investigate the generality of the 
model developed from the trials for the test cell and identify whether the stack effect 
can be taken as categorically dominant for all single-sided applications. If this is the 
case natural ventilation rate in single-sided application could then be simply based on 
stack effect driving forces and the wind effect could be ignored. 
REFERENCES 
Akins R. E. & Cermak J. E., Wind pressures on buildings, CER76-77REA-JEC15, 
Fluid Dynamic and Diffusion Laboratory, Colorado State University, Co, USA, 1976. 
Aleo F. & Vitale S., Applications of the tracer gas techniques for the assessment of 
ventilation indexes in real buildings, Optimum Ventilation and Airflow Control in 
Buildings, 17th AIVC Conference, Gothenburg, Sweden 17-20 September 1996. 
Allard F. & Utsumi Y., Airflow through large openings, Energy and Buildings, 18, 
pp133-145,1992. 
ASHRAE Fundamentals Handbook, Chapter 14 -AirflowAround Buildings, 1993. 
ASHRAE Fundamentals Handbook, Chapter 23 - Infiltration and Ventilation, 1993. 
Awbi H. B. & Gan G., Predicting airflow and thermal comfort In of ces, Ashrae 
Journal, pp 17-21, February 1994. 
Awbi H. B., Ventilation of Buildings, E. & F. N. Spon 1995. 
Aynsley R. M., A resistance approach to estimating airflow through buildings with 
large openings due to wind, ASHRAE Transactions, Vol. 94, part 2, pp1661-1669, 
1988. 
Baskaran A. & Stathopoulis T., Computational evaluation of wind effects on 
buildings, Building and Environment Vo1.24, No. 4, pp325-333,1989. 
Bala'zs K., Effect of some architectural and environmental factors on air infiltration 
of multi-storey buildings, Proceedings of the 3'd ICBEM, Lausanne, Switzerland, Vol. 
3, pp21-28,1987. 
Beach R. K., Relative airtightness of new housing in the Ottawa area, Building 
Research Note No. 149 Ottawa: National Research Council Canada, 1979. 
203 
REFERENCES 204 
BIRAL, Manual for Gill Instruments 3 axis logging ultrasonic anemometer product 
specification, Issue 3.0,1991. 
Bowen A. J., A wind tunnel investigation using simple building models to obtain mean 
surface wind pressure coefficients for air infiltration estimates, Laboratory. Tech. 
Report LTR-LA-209, National Aeronautical Establishment, Ottawa, Canada, 1976. 
BRE Personal Communication with Dr M. D. A. E. S. Perera. 
BRE Digest 390, Wind around tall buildings, Building Research Establishment, 
Garston, UK, January 1994. 
BRE, Manual of Breeze, Building Research Establishment, Garston, UK, 1992. 
BRE Digest 210, Principles of Natural Ventilation, Building Research Establishment, 
Garston, UK, 1982. 
British Standard CP3, Code of basic data for the design of buildings, Chapter V: 
Loading, Part 2: Wind Loads. 
BS5925 : 1991, Code of practice for - Ventilation principles and designing for natural 
ventilation, British Standards Institution 1991. 
BS5925 : 1980, Code of practice for - Design of Buildings: ventilation principles and 
designingfor natural ventilation, British Standards Institution 1980. 
Building Services report, Building Analysis Portland Building, Building Services 
Journal, pp17-21, February 1997. 
Building Services report, Building Analysis PowerGen hq, Building Services, pp19- 
23, March 1995. 
Building Services report, Will natural ventilation work?, Building Services, pp4l- 
42, October 1993. 
Cavallo A., Gadsby K. & Reddy T. A., Use of natural basement ventilation to control 
radon in single family dwellings, Atmospheric Environment, Vol. 26A, No. 12, 
pp2251-2256,1992. 
REFERENCES 205 
Cermak J. E., Poreh M., Peterka J. A. & Ayad S. S., Wind tunnel investigations of 
natural ventilation, Journal of Transportation Engineering, Vol. 110, pp67-79,1984. 
Choiniere Y., Tanaka H., Munroe J. A. & Suchorski-Tremblay A., Prediction of wind- 
induced ventilation for livestock housing, Journal of Wind Engineering and Industrial 
Aerodynamics, 41-44, pp2563-2574,1992. 
CIBSE Guide, Volume A, Air Infiltration and Natural Ventilation, edition 5,1997. 
CIBSE Guide, Volume B, Ventilation and Air Conditioning (Requirements), edition 
5,1997. 
CIBSE Application Manual AM10, Natural ventilation in non-domestic buildings, 
1997. 
CIBSE, Design and Application Guide for Natural Ventilation, 1994. 
Clarke J., Manual of ESP, University of Strathclyde, Glasgow, UK, 1993. 
Cockcroft J. P. & Robertson P., Ventilation of an enclosure through a single opening, 
Building and Environment, Vol11, pp29-3 5,1976. 
Cooper P. & Linden P. F., Natural ventilation of an enclosure containing two 
buoyancy sources, Journal of Fluid Mechanics, Vol. 311, ppl53.176,1996. 
Dascalaki E., Santamouris M., Asimakopoulos D. N. & Papadopoulos K., On the use 
of deterministic and intelligent techniques to predict the air velocity distribution on 
external openings in single-sided natural ventilation configurations, Solar Energy, 
Vol. 66, No. 3, pp223-243,1999. 
Dascalaki E., Santamouris M., Argiriou A., Helmis C., Asimakopoulos D. N., 
Papadopoulos K. & Soilemes A., On the combination of air velocity and flow 
measurements in single sided natural ventilation configurations, Energy and 
Buildings, Vo1.24, pp155-165,1996. 
Dascalaki E., Santamouris M., Argiriou A., Helmis C., Asimakopoulos D. N., 
Papadopoulos K. & Soilemes A, Predicting single-sided natural ventilation rates in 
buildings, Solar Energy, Vol. 55, No. 5, pp327-341,1995. 
REFERENCES 
Dascalaki E. & Santamouris M., Manual ofPASSPORTAir, PASCOOL Research 
Program, European Commission, D. G. 12,1994. 
Department of the Environment (Energy Efficiency Office), SelectingAir 
Conditioning Systems, Good Practice Guide No. 7 1, January 1993. 
206 
Ducarme D., Vandaele 1., Dascalaki E. & Santamouris M., Single-sided ventilation, 
PASCOOL Project, Ventilation - Thermal Mass Subtask Final Report, Chapter 2 
Dutt A. J., de Dear R. J. & Krishnan P., Full scale and model investigation of natural 
ventilation and thermal comfort in a building, Journal of Wind Engineering and 
Industrial Aerodynamics, 41-44, pp2599-2609,1992. 
Eastop, T. D. & Watson, WE., Mechanical Services for Buildings, Longman 1992. 
Eftekhari M. M., Pinnock D. J. & Lau I., Wind flowpatterns around a test cell in a 
sheltered location: wind tunnel visualisation, Building Services Engineering Research 
and Technology, Vol. 19, No. 2, pp 107-110,1998. 
Ernest D. R., Bauman F. S. & Arens E. A., The effects of external wind pressure 
distributions on wind-induced air motion inside buildings, Journal of Wind 
Engineering and Industrial Aerodynamics, 41-44, pp2539-2550,1992. 
Etheridge D. W,, Air leakage characteristics of houses: a new approach, Building 
Services Engineering Research and Technology, Vol. 5, pp32.36,1984. 
Federspiel C. C., Ventilation Performance evaluation using passively-generated 
carbon dioxide as a tracer gas, Optimum Ventilation and Airflow Control in 
Buildings, 17thAIVC Conference, Gothenburg, Sweden 17-20 September 1996. 
Feustel H. E., Allard F., Dorer V. B., Garcia Rodriguez E., Herrlin M. K., Mingshen L., 
Phaff H. C., Utsumi Y. & Yoshino H., Fundamentals of the multizone airflow model - 
COMIS, International Energy Agency - Air Infiltration and Ventilation Centrew, 
Technical Note AIVC 29, Coventry, UK, 1990. 
Feustel H. E. & Dieris J., A survey of airflow models for multizone structures, Energy 
and Buildings, Vol. 18, pp79.100,1992. 
REFERENCES 207 
Flourentzou F., van der Mass J. & Roulet C. -A., Experiments in natural ventilation 
for passive cooling, Laboratoire d'Energie Solaire et de Physique du Bätiment (LESO- 
PB), Ecole Polytechnique Federale de Lausanne (EPFL), CH-1015 Lausanne, 
Switzerland. 
Fürbringer J-M. & van der Maas J., Suitable algorithms for calculating air renewal 
rate by pulsating airflow through a single large openings, Building and Environment, 
Vol. 30, No. 4, pp493-503,1995. 
de Gids W. & Phaff H., Ventilation rates and energy consumption due to open 
windows. A brief overview of research in the Netherlands, Air Infiltration Review, 
Vo1.4,1, pp4-5,1982. 
Grigg P. F., The Building Research Establishment Environmental Wind tunnel, BRE 
document PD121/76, September 1976. 
Grosso M., Wind pressure distribution around buildings: aparametrical model, 
Energy and Buildings, Vol. 18, pp101-131,1992. 
Häggkvist K., Svensson U. & Taesler R., Numerical simulation of pressure fields 
around buildings, Building and Environment Vol. 24, No. 1, pp65-72,1989. 
Haghighat F., Rao J. & Fazio P., The influence of turbulent wind on air change rates 
-a modelling approach, Building and Environment, Vol. 26, No. 2, pp95-109,1991. 
Hill J. E. & Kusada T., Dynamic Characteristics ofAir Infiltration, ASHRAE 
Transactions, Vol. 85, Part 2, ppl68-185,1975. 
Hunt G. R. & Linden P. F., The natural ventilation of an enclosure by the combined 
effects of buoyancy and wind, 5th International Conference on Air Distribution in 
Rooms, ROOMVENT '96, July 17-19,1996. 
Hussein M. & Lee B. E., An investigation of wind forces on three-dimensional 
roughness elements in a simulated atmospheric boundary layer, BS 55, Department of 
Building Science, University of Sheffield, UK, 1980. 
REFERENCES 208 
Jones P. J. & Whittle G. E., Computational fluid dynamics for building airflow 
prediction - current status and capabilities, Building and Environment, Vol. 27, No. 3, 
pp321-338,1992. 
de Jong T. & Bot G. P. A., Air exchange caused by wind effects through (window) 
openings distributed evenly on a quasi-infinite surface, Energy and Buildings, 19, 
pp93-103,1992. 
Kalogirou S. A., Eftekhari M. M., Pinnock D. J., Prediction of airflow in a single-sided 
natural ventilated test room using artificial neural networks, Proceedings of Indoor 
Air '99, The 8t` International Conference on Indoor Air Quality and Climate, 
Edinburgh, Scotland, Vol. 2, pp 975-980, August 8-13,1999. 
Katayama T., Tsutumi J. & Ishii A., Full-scale measurements and wind tunnel tests 
on cross-ventilation, Journal of Wind Engineering and Industrial Aerodynamics, 41- 
44, pp2553-2562,1992. 
Kato S., Murakami S., Mochida A., Akabayashi S. & Tominaga Y., Velocity pressure 
field of cross ventilation with open windows analysed by wind tunnel and numerical 
simulation, Journal of Wind Engineering and Industrial Aerodynamics, 41-44, 
pp2575-2586,1992. 
Li Y., Holmberg S., Paprocki A. & Tang Y-Q., Simulation of room f ows with small 
ventilation openings by a local grid-refinement technique, Building Services 
Engineering Research and Technology, Vol. 15, No. 1, ppl-10,1993. 
Massey B. S., Mechanics of Fluids, 4`h Edition, Van Nostrand Reinhold, 1979. 
Martin A. J., Control of natural ventilation, Building Services Research and 
Information Association, Technical Note TN! 1/95,1995. 
Mikkelsen A. C. & Livesey F. M., Evaluation of the use of the numerical k-c model 
Kameleon II, for predicting wind pressures on building surfaces, Journal of Wind 
Engineering and Industrial Aerodynamics, 57, pp375-389,1995. 
REFERENCES 209 
Mokhtarzadeh-Dehghan M. R., el Telbany M. M. M. & Reynold A. J., Transfer rates 
in single-sided ventilation, Building and Environment, Vol. 25, No. 2, ppl55-161, 
1990. 
Niu J. & van der Kooi, Two-dimensional simulation of airflow and thermal comfort in 
a room with open-window and indoor cooling systems, Energy and Buildings, 18, 
pp65-75,1992. 
Perera M. D. A. E. S., Kaleem R., Penwarden A. D. and Tull R. G., Proximity effects: air 
infiltration and ventilation heat loss of a low-rise office block near a tall slab 
building, BRE, Project: EM0875, BRE/8/11/20,1993. 
Perera M. D. A. E. S., Tull R. G. & Walker RR., Natural ventilation for a crown court: 
developing statistical assessment techniques at the design stage, BRE, Project: 
EM242, BRE/112/2/5,1988. 
Poreh M., Cermak J. E. & Peterka J. A., Wind tunnel research of flowfields within 
naturally ventilated rooms of simple geometry, Fluid Dynamics and Diffusion 
Laboratory, Report CER82-83MP-JEC-JAP17, Colorado State University, Fort 
Collins, CO, 1982. 
Riffat S. B. & Kohal J. S., Experimental study of interzonal natural convection through 
an aperture, Applied Energy, 48, pp305-313,1994. 
Ronold A., Modelling flow and ventilation within petroleum process plants, Journal 
of Wind Engineering and Industrial Aerodynamics, 46 & 47, pp675-680,1993. 
Santamouris M., NORMA, a simplified model for passive cooling. Manual written by 
P. Kelly, Zephyr Architectural Competition, University of Dublin, 1994. 
Sherman M. H., Analysis of errors associated with passive ventilation measurement 
techniques, Building and Environment Vol. 24, No. 2, pp 131-139,1989. 
Shrestha G. L., Cramer C. O., Holmes B. J. & Kammel D. W., Wind-induced 
ventilation of an enclosed livestock building, American Society of Agricultural 
Engineers, Vol. 36(3), pp921-932,1993. 
REFERENCES 210 
Stathopoulis T. & Zhou Y. S., Numerical evaluation of wind pressures on fat roofs 
with the k-E model, Building and Environment Vol. 30, No. 2, pp267-276,1995. 
Sulatisky M., Airtightness tests on 200 new houses across Canada: summary of 
results, Buildings Energy Technology Transfer Program, publication no. 84.01. 
Ottawa: Energy Mines and Resources Canada, 1984. 
Swami M. V. & Chandra S., Procedures for calculating natural ventilation airflow 
rates in buildings, Final Report FSEC-CR-163-86, Florida Solar Energy Center, Cape 
Carnaveral, Fl, UAS, 1987. 
Tsutumi J., Katayama T. & Nishida M., Wind tunnel tests of wind pressure 
onregularly aligned buildings, Journal of Wind Engineering and Industrial 
Aerodynamics, 41-44, pp1799-1810,1992. 
Vickery B. J. & Karakatsani C., External wind pressure distributions and induced 
internal ventilation flow in low-rise industrial and domestic structures, ASHRAE 
Transactions, Vo1.93, part2, pp2198-2213,1987. 
Walker I. S. & Wilson D. J., Field validation of algebraic equations for stack and 
wind driven air infiltration calculations, HVAC &R Research, Vol. 1, No. 2, pp119- 
139,1998. 
Walker I. S., Wilson D. J. & Sherman M. H., Does the power law rule for low pressure 
buildings envelope leakage?, Proceedings of 17th AIVC Conference, Goteberg, 
Sweden, 1996. 
Walker I. S. & Wilson D. J., The Alberta infiltration model: AIM-2, Technical Report 
No. 71, University of Alberta, Department of Mechanical Engineering, Edmonton, 
Canada, 1990. 
Walker I. S. & Wilson D. J., Evaluating models for superposition of wind and stack 
effects in air infiltration, Building and Environment, Vol. 28, No. 2, pp201-210,1993. 
Walker R. R., Hayes S. D. & White M. K., How effective is natural ventilation? -A 
study of local mean age of air by modelling and measurement, Optimum Ventilation 
REFERENCES 211 
and Airflow Control in Buildings, 17`h AIVC Conference, Gothenburg, Sweden 17-20 
September 1996. 
Walker R. R. & Smith M., A passive solution, Building Services, p57, October 1993. 
Walker R. R. & White M. K., Single-sided natural ventilation - how deep an office?, 
Building Services Engineering Research Technology, 13(4) pp231-236,1992. 
Walton G., AIRNET, A computer program for building airflow network modelling. 
NISTR, 98-4072, National Institute of Standards Technology, 1988. 
Warren P. R. & Webb B. C., The relationship between tracer gas and pressurization 
techniques in dwellings, Proceedings of First Air Infiltration Center Conference, 
Goteberg, Sweden, 1980. 
Warren P. R., The analysis of single sided ventilation measurements, Air Infiltration 
Review, Vol. 7, No. 2, pp3-5,1986. 
Wilson D. J. & Kiel D. E., Gravity driven counterflow through an open door in a 
sealed room, Building and Environment, Vo1.25, No. 1, pp379-388,1990. 
PAPERS BY THE AUTHOR 
Eftekhari M. M., Pinnock D. J., Natural ventilation: Airflow measurements in a light 
weight test room, Building Services Engineering Research and Technology, Vol. 19, 
No. 1, pp 37-42,1998. 
Eftekhari M. M., Pinnock D. J. & Lau I., Wind flow patterns around a test cell in a 
sheltered location: wind tunnel visualisation, Building Services Engineering Research 
and Technology, Vol. 19, No. 2, pp 107-110,1998. 
Eftekhari M. M., Pinnock D. J., Airflow distribution in a naturally ventilated light 
weight room, The I" International Conference on Energy and the Environment, 
Efficient Utilisation of Energy and Water Resources, Limassol, Cyprus, Vol. 2, pp 
437-442, October 12-14,1997. 
Kalogirou S. A., Eftekhari M. M., Pinnock D. J., Prediction of airflow in a single-sided 
natural ventilated test room using artificial neural networks, Proceedings of Indoor 
Air '99, The 8t' International Conference on Indoor Air Quality and Climate, 
Edinburgh, Scotland, Vol. 2, pp 975-980, August 8-13,1999. 
212 
APPENDIX 
A 
RESULTS FROM AIR 
INFILTRATION EXPERIMENTS 
A-1 
Appendix A RESULTS FROM AIR INFILTRATION EXPERIMENTS A-2 
EXPERIMENT DATE: 18/03/96 (Data File: 0318setl) 
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Figure A-la: Experiment 0318setl - continuous trace of SF6 
concentration at each sampling point. 
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Figure A-1 b: Experiment 0318set 1- SF6 concentration at each 
sampling point at time of measurement with best fit line 
drawn through relevant data for calculation of air change 
rate. 
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Figure A-2a: Experiment 0329set1 - continuous trace of SF6 
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Figure A-2b: Experiment 0329set I- SF6 concentration at each 
sampling point at time of measurement with best fit line 
drawn through data for calculation of air change rate. 
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EXPERIMENT DATE: 29/03/96 (Data File: 0329set2) 
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Figure A-3a: Experiment 0329set2 - continuous trace of SF6 
concentration at each sampling point. 
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Figure A-3b: Experiment 0329set2 - SF6 concentration at each 
sampling point at time of measurement with best fit line 
drawn through relevant data for calculation of air change 
rate. 
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Figure A-4a: Experiment 0412set1 - continuous trace of SF6 
concentration at each sampling point. 
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Figure A-4b: Experiment 0412set 1- SF6 concentration at each 
sampling point at time of measurement with best fit line 
drawn through data for calculation of air change rate. 
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Figure A-5a: Experiment 0412set2 - continuous trace of SF6 
concentration at each sampling point. 
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Figure A-5b: Experiment 0412set2 - SF6 concentration at each 
sampling point at time of measurement with best fit line 
drawn through relevant data for calculation of air change 
rate. 
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Figure A-6a: Experiment 0415setl - continuous trace of SF6 
concentration at each sampling point. 
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Figure A-6b: Experiment 0415setl - SF6 concentration at each 
sampling point at time of measurement with best fit line 
drawn through relevant data for calculation of air change 
rate. 
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EXPERIMENT DATE: 15/04/96 (Data File: 0415set2) 
ä00 
' 450 
400 
.4 
150 
u 
0 
100 
0 
250 
J_ 200 
z 1.50 
1.00 
- -ý- -ý- ----i-- --- --- ------- --- 
-------------- 
---- I ---i---- ------------ ---- ------- - ------- -- ---- '---- ---- --------I ------- 
1---- 
---- 
-- - --- -------- --------- 
-------------- 
----- 
---- I 
--------- ---- 
I 
---- 
--------- 
--------- 
---- ------- ---- -------- ---- 
r, I 
--- --- --- 
--- --- 
--- 
-------- 
__ __ 
---------- --------- 
-------- ----- 
---- 
---- 
---- 
---- --- --- 
--------- 
--------------- 
-- ---- -- ---- ------- --- - 
louvre too naht 
louvre top Iefl 
kwvic centre 
louvre hottom right 
louvre bottom left 
dM window top 
sgl window top 
door bottan 
0 30 60 90 120 150 
Time (minutes) 
Figure A-7a: Experiment 0415set2 - continuous trace of SF6 
concentration at each sampling point. 
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Figure A-7b: Experiment 0415set2 - SF6 concentration at each 
sampling point at time of measurement with best fit line 
drawn through relevant data for calculation of air change 
rate. 
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EXPERIMENT DATE: 03/05/96 (Data File: 0503set 1) 
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Figure A-8a: Experiment 0503setl - continuous trace of SF6 
concentration at each sampling point. 
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Figure A-8b: Experiment 0503setl - SF6 concentration at each 
sampling point at time of measurement with best fit line 
drawn through relevant data for calculation of air change 
rate. 
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Figure A-9a: Experiment 0503set2 - continuous trace of SF6 
concentration at each sampling point. 
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Figure A-9b: Experiment 0503set2 - SF6 concentration at each 
sampling point at time of measurement with best fit line 
drawn through relevant data for calculation of air change 
rate. 
APPENDIX 
B 
EQUIPMENT SPECIFICATIONS 
All information is taken from manufacturers' documentation. 
B-1 
Appendix B EQUIPMENT SPECIFICATIONS I3-2 
DATAHOG2 WEATHER STATION 
Equipment: DataHog2 datalogger incorporating integral temperature and 
humidity sensor, Mains Hog power supply, attached anemometer, 
wind vane and barometer and software. 
Supplier: Skye Instruments Limited, Units 5/6, Ddole Industrial Estate, 
Llandrindod Wells, Powys LD 1 6DF. 
Manufacturer: DataHog2, Mains Hog and barometer - Skye Instruments Limited, 
Units 5/6, Ddole Industrial Estate, Llandrindod Wells, Powys LD1 
6DF. 
Anemometer and wind vane - Vector Instruments, 115 Marsh Road, 
Rhyl, Clwyd, LL18 2AB. 
DataHog2 
Specification as follows: 
Model SDL5210 five channel datalogger with integral 
temperature and humidity sensor. 
Operating Temperature -20 to +70°C. 
Housing grey ABS - sealed to IP65. 
Dimensions 122x120x85mm. 
Weight 1100g 
Connections Binder sub-miniature type 8 and 5 pin, sealed to IP65 
when mated with plug or blanking cap. 
Power Requirements l2volt D. C. 
Resolution 15 bits. 
Communications RS232C, ASCII output will communicate with any 
PC. 
Memory battery backed RAM, 1 Mbit. 
Appendix B EQUIPMENT SPECIFICATIONS B-3 
Modes each channel configured individually, 
logging intervals, 1,2,5,10,20,30secs, 1,2,5,10, 
20,30mins, 1,2,3,4,6,12,24hours, 
integration intervals: as for logging intervals, 
transmit data at above intervals to RS232 whilst 
logging, 
transmit data on demand from signal via RS232. 
Inputs voltage: single ended or differential ±2mV to ±2V, 
current: 0-200nA to 0-400mA, 
digital count, 
relative humidity, 
wind direction. 
Outputs 2 independent electrical relay switches, open/close 
contact on user set conditions. 
Units user definable scaling and units. 
Clock real time year, month, date, time clock enabling 
synchronisation of several units, 
clock backed by lithium battery. 
Mains Hog 
The Mains Hog provides a D. C. supply to the DataHog2 via the RS232 socket. 
DataHog2 communicates with a PC via the power supply lead from the Mains Hog. 
Specification of the Mains Hog is as follows: 
Power Supply 240volt A. C. 
Output 12volt D. C. 
Current 80mA maximum. 
Consumption I Owatts 
Appendix B EQUIPMENT SPECIFICATIONS 
Anemometer 
B-4 
The anemometer is a switching anemometer. A magnet turns with the rotor spindle 
and the resulting varying magnetic field causes a mercury wetted reed-switch to make 
and break contact once per revolution of the rotor. Specification of the anemometer is 
as follows: 
Model A100R switching anemometer. 
Performance threshold: 0.2m/s, 
maximum: >75m/s. 
Accuracy: 0.1 m/s (0.3 to l Om/s), 1% of reading (10 to 
55m/s), 2% of reading (>55m/s). 
Calibration 
Operating Temperature 
Rotor 
Dimensions 
Weight 
Wind Vane 
0.8 revolutions per metre (1 pulse per 1.25 metres). 
-30 to +70°C. 
150mm diameter 3 cup. 
height 200mm, case diameter 55mm. 
350g 
The wind vane is a wirewound potentiometer wind vane with linear resistance 
characteristics with rotation angle. Specification of the wind vane is as as follows: 
Model W200P-DH (DH denotes wiring to suit Skye 
Instruments DataHogs). 
Performance threshold: 0.6m/s; the fin will commence movement 
when aligned at 45° to the flow, 
maximum: >75m/s. 
Range 360° mechanical angle, full circle continuous rotation 
allowed. 
No measurable backlash during use. 
Appendix B EQUIPMENT SPECIFICATIONS $-$ 
Accuracy 
Operating Temperature 
Barometer 
Specification as follows: 
Model 
Range 
Absolute Error 
Error over 0 to 50°C 
Power Supply 
Output 
Operating Temperature 
Dimensions 
±2° obtainable in steady winds >5m/s. 
-50 to 70°C. 
SKPS800 
0.50 to 1.05bar. 
typically 0.5mbar at 20°C and 1000mbar. 
typically 1.5mbar (maximum 3.6mbar). 
5 to IOvolt D. C. 
nominally 100mV/1000mbar at 10volt excitation. 
-20 to 80°C. 
80x8Ox5Om . 
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ULTRASONIC ANEMOMETERS 
Equipment 3 axis logging ultrasonic anemometer, power supply interface unit 
and software. 
Supplier BIRAL (Bristol Industrial & Research Associates Limited), P. O. 
Box 2, Portishead, Bristol BS20 9JB. 
Manufacturer Gill Instruments Limited, Solent House, Cannon Street, Lymington, 
Hampshire S041 9BR. 
Ultrasonic Anemometer 
The logging ultrasonic anemometer consists of a sensing head with six ultrasonic 
transducers arranged in three pairs, surmounting a cylindrical electronic base housing. 
The onboard electronics provide all ultrasonic processing and vector computations 
required to calculate wind data in either a magnitude, direction and vertical speed 
format, or a uvw vector format. This information is logged within the anemometer 
until it is transmitted on request to the PC via the power supply interface unit. 
Airflow is measured by a pair of transducers acting alternately as transmitters and 
receivers, sending pulses of high frequency ultrasound between themselves. The times 
of flight in each direction, say tl and t2, are measured. If c is the speed of sound, L the 
distance between the transducers and there is an airflow v along the line of the 
transducers, the following relationships are readily derived: 
LL 
ti _ 
c+v 2_ c-v 
Combining the equations and eliminating the speed of sound, c, the airflow velocity, 
v, can be, obtained: 
_ V=0-5 
11 
ti t2 
The resulting airflow velocity is not affected by the speed of sound or any other 
parameters such as temperature or contaminant content. 
There will be little effect on t1 and t2 caused by the airflow normal to the line of the 
transducers. Therefore v represents the vector component of airflow resolved along 
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the line of the pair of transducers. By arranging three pairs of transducers in different 
orientations,  
the direction and - magnitude of the incident airflow may be 
unambiguously derived. 
The main functions of the electronic are operation of the ultrasonics, processing of 
raw measurement data, and high level data analysis, storage and transmission. 
Processing raw data comprises error checking, calculation of velocities along the 
transducer axis and a transformation to calculate the velocities in an uvw format. A 
further calculation is then carried out to calculate an overall magnitude and direction 
from the u and v vectors. The processed data is then output on the analogue outputs. 
The data is also added to averaging buffers. At the end of the log period the average 
results are stored in the internal log of the anemometer. When commanded to do so by 
the PC the log is downloaded via the serial interface via the power supply interface 
unit. Serial communications to the power supply interface unit conforms to RS485. 
Data calculated in uvw mode is: 
U, V and W velocity 
U, V and W standard deviation 
maximum 3 second gust 
Specification for the ultrasonic anemometers is as follows: 
Range 0 to 60m/s. 
Accuracy (IOsec average) ±3% for velocity <30m/s, 
±5% for velocity >30m/s. 
Ultrasonic Sampling Rate 80 per second per vector set. 
Operating Temperature 
Power Supply 
Current 
Communications 
Dimensions 
-20 to 50°C. 
9 to 30volt D. C. 
130mA maximum. 
RS485 
height 750mm, diameter 240mm. 
Weight 1000g. 
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Power Supply and Interface Unit (PSIU) 
The PSIU serves as a power supply to the ultrasonic anemometer and converts the 
RS485 serial output from the anemometer to RS232 format for interfacing with a PC. 
Power Supply 
D. C. Output 
100 to 120volt or 200 to 250volt A. C. switch 
selectable, 1OVA. 
to anemometer 10 to 30volt D. C., 130mA maximum, 
to interface 8 to l5volt D. C., 5OmA maximum. 
, `. 
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DANTEC MULTI-CHANNEL FLOW ANALYSER 
Equipment Multi-channel (24 channels) flow analyser and 24 fast reacting 
.. omnidirectional low velocity sensors. 
Supplier Dantec, Scientific Research Equipment Division. 
Multi-Channel Flow Analyser 
The multi-channel flow analyser is capable of being connected to 24 air velocity and 
temperature sensors simultaneously recording data. The built-in microprocessor 
allows extensive analysis of the data and presentation of statistical results. It is also 
used to perform instrumentation control, such as programmable measurement 
sequences, presentation of statistical results and averaging. During a measuring 
period, the microprocessor collects data from all transducers and statistical values are 
continuously calculated. The results are displayed or printed according to mode and 
programme. The analyser has an integral power supply. 
The analyser can be fully controlled via a PC where the recorded data can be logged. 
Specification for the analyser is as follows: 
Model 54N10 multi-channel flow analyser. 
Measuring Range 0 to 1 m/s, 
0 to 5m/s, 
0 to 45°C. 
Display 4-digit display showing measuring results updated 
twice a second, 
2-digit display to indicate channel number, 
20-segemnt bar graph to indicate velocity interval, 
25 LEDs to indicate current status. 
Analogue Output 2 linearized outputs, velocity and temperature, form 
selected channel: 0 to IOvolt corresponding to 
maximum output in the selected range. Both outputs 
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updated twice a second. 
Serial Output 2 outputs to printer and datalogger, RS232C standard. 
Parallel Input-Output for communication with an external computer, IEEE- 
488 standard. 
Measuring Period 1 second to 12 hours with 1 second resolution. 
Operating Temperature permissible range during operation 0 to +45°C. 
Dimensions 149x450x340mm. 
Weight 9kg 
Power Supply 100 to 129volts and 200 to 259volts A. C., 50 to 60Hz, 
switch selectable. 
Air Velocity/Temperature Sensor 
Each air velocity/temperature sensor consists of two spherical sensors, one of which is 
used for temperature compensation of the flow sensor, mounted in a cage close to 
each other and a small thermistor. A bridge circuit is located on a small printed circuit 
board housed in the probe stem and the two spherical sensors are connected to the 
bridge circuit. 
The sensors work on the basis of the hot-anemometer principle, which utilizes the 
relationship between heat transfer and flow velocity. One of the two spherical sensors 
is heated and is termed the velocity sensor the other sphere is non-heated and is used 
for temperature compensation. The heating current to the velocity sphere is controlled 
to maintain its temperature 30°C above the surrounding air, independent of variations 
in flow velocity and temperature. The power delivered to the sphere becomes a 
function of the velocity alone. 
The specification for the air velocity/temperature sensor is as follows: 
Model 54R10 low air velocity and temperature sensor. 
Measuring Range velocity: 0 to 5m/s, 
temperature: 0 to 45°C. 
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Accuracy 
Dimensions - 
0.05 to 1 m/s: ±0.01 m/s ±3.5% of reading, 
0.2 to 2.5m/s: ±5% of reading, 
2.5 to 5m/s: ±10% of reading, 
±0.5°C at velocities >O. 1m/s. 
height 220mm, maximum diameter 90mm, height to 
sensor centre 150mm. 
Weight 85g. 
APPENDIX 
C 
AIR VELOCITY DATA TO 
ESTABLISH SAMPLING TIME 
The following tables show the air velocity data measured with the Dantec flow 
analyser for different lengths of Integration Time (IT) to establish an acceptable 
sampling time for data acquisition. All data was recorded during a single day in June 
1996. Six data sets were recorded for each IT. The velocity measurements logged for 
each IT is the mean velocity recorded over the IT period. The standard deviation of 
the mean air velocity measurements were calculated for each channel and the mean 
standard deviation established for all the channels. The mean standard deviation 
plotted against IT was used to provide a guide for a suitable sampling time where 
spurious excessive fluctuations in the air velocity measurements are statistically 
reduced to an insignificant/acceptable level. 
C-1 
Appendix C AIR VELOCITY DATA TO ESTABLISH SAMPLING TIME C-2 
INTEGRATION TIME =10seconds 
air velocity (m/s) standard 
Channel 
No. test 1 test 2 test 3 test 4 test 5 test 6 
deviation of 
test 1 to 6 
data 
1 0.059 0.082 0.106 0.086 0.072 0.082 0.0156 
2 0.049 0.045 0.076 0.044 0.045 0.046 0.0124 
3 0.043 0.048 0.069 0.047 0.042 0.051 0.0099 
4 0.048 0.063 0.069 0.058 0.079 0.051 0.0116 
5 0.062 0.034 0.075 0.056 0.158 0.066 0.0429 
6 0.092 0.041 0.091 0.058 0.176 0.072 0.0472 
7 0.052 0.061 0.062 0.064 0.053 0.059 0.0049 
8 0.082 0.093 0.118 0.094 0.091 0.104 0.0125 
9 0.058 0.050 0.051 0.047 0.054 0.045 0.0047 
10 0.047 0.046 0.094 0.078 0.060 0.057 0.0188 
11 0.049 0.078 0.068 0.051 0.073 0.078 0.0131 
12 0.063 0.049 0.061 0.079 0.053 0.044 0.0125 
13 0.062 0.057 0.062 0.037 0.052 0.054 0.0093 
14 0.041 0.115 0.058 0.040 0.037 0.061 0.0294 
15 0.045 0.044 0.051 0.030 0.032 0.035 0.0084 
16 0.029 0.072 0.097 0.064 0.064 0.050 0.0226 
17 0.058 0.081 0.098 0.053 0.085 0.123 0.0259 
18 0.147 0.131 0.156 0.160 0.191 0.128 0.0230 
19 0.070 0.070 0.073 0.066 0.058 0.066 0.0052 
20 0.049 0.042 0.058 0.036 0.043 0.047 0.0075 
21 0.032 0.043 0.047 0.037 0.046 0.059 0.0093 
22 0.087 0.073 0.079 0.042 0.082 0.095 0.0184 
23 0.037 0.053 0.052 0.054 0.047 0.058 0.0074 
24 0.039 0.057 0.045 0.048 0.039 0.044 0.0067 
mean standard deviation = 0.0158 
Appendix C AIR VELOCITY DATA TO ESTABLISH SAMPLING TIME C-3 
INTEGRATION TIME = 20seconds 
air velocity (m/s) standard 
Channel 
No. test I test 2 test 3 test 4 test 5 test 6 
deviation of 
test 1 to 6 
data 
1 0.084 0.106 0.069 0.090 0.087 0.076 0.0127 
2 0.049 0.047 0.046 0.062 0.048 0.049 0.0059 
3 0.059 0.058 0.057 0.049 0.053 0.059 0.0040 
4 0.065 0.062 0.063 0.049 0.049 0.054 0.0072 
5 0.047 0.085 0.046 0.067 0.070 0.072 0.0152 
6 0.080 0.099 0.066 0.075 0.061 0.085 0.0137 
7 0.048 0.060 0.061 0.063 0.055 0.054 0.0056 
8 0.091 0.100 0.089 0.097 0.102 0.123 0.0122 
9 0.045 0.057 0.060 0.055 0.052 0.052 0.0052 
10 0.064 0.053 0.073 0.065 0.067 0.077 0.0083 
11 0.054 0.062 0.056 0.071 0.073 0.069 0.0080 
12 0.050 0.045 0.061 0.047 0.061 0.059 0.0073 
13 0.031 0.048 0.034 0.048 0.037 0.049 0.0081 
14 0.051 0.061 0.057 0.048 0.068 0.052 0.0074 
15 0.029 0.063 0.040 0.036 0.052 0.047 0.0121 
16 0.044 0.091 0.051 0.087 0.068 0.066 0.0188 
17 0.093 0.082 0.061 0.113 0.066 0.055 0.0220 
18 0.138 0.146 0.140 0.164 0.162 0.152 0.0110 
19 0.039 0.067 0.064 0.071 0.063 0.061 0.0113 
20 0.036 0.048 0.042 0.043 0.045 0.059 0.0077 
21 0.045 0.047 0.042 0.050 0.040 0.049 0.0039 
22 0.068 0.070 0.069 0.054 0.056 0.089 0.0125 
23 0.062 0.047 0.080 0.066 0.061 0.056 0.0110 
24 0.060 0.066 0.067 0.060 0.053 0.084 0.0106 
mean standard deviation = 0.0101 
Appendix C AIR VELOCITY DATA TO ESTABLISH SAMPLING TIME C-4 
INTEGRATION TIME = 30seconds 
air velocity (m/s) standard 
Channel 
No. test 1 test 2 test 3 test 4 test 5 test 6 
deviation of 
test I to 6 
data 
1 0.091 0.066 0.080 0.091 0.105 0.093 0.0133 
2 0.061 0.051 0.053 0.046 0.070 0.044 0.0098 
3 0.066 0.058 0.056 0.059 0.050 0.060 0.0052 
4 0.071 0.064 0.075 0.054 0.069 0.062 0.0075 
5 0.067 0.064 0.067 0.082 0.078 0.097 0.0125 
6 0.079 0.084 0.071 0.068 0.076 0.128 0.0221 
7 0.055 0.052 0.057 0.063 0.074 0.066 0.0081 
8 0.107 0.090 0.094 0.093 0.112 0.096 0.0088 
9 0.050 0.052 0.052 0.052 0.053 0.060 0.0035 
10 0.060 0.047 0.044 0.055 0.079 0.064 0.0127 
11 0.064 0.077 0.069 0.072 0.073 0.093 0.0100 
12 0.049 0.053 0.060 0.057 0.053 0.062 0.0049 
13 0.057 0.053 0.039 0.036 0.041 0.061 0.0105 
14 0.048 0.058 0.041 0.074 0.057 0.055 0.0111 
15 0.044 0.041 0.064 0.029 0.050 0.039 0.0118 
16 0.077 0.056 0.050 0.055 0.062 0.069 0.0100 
17 0.111 0.077 0.070 0.104 0.101 0.070 0.0185 
18 0.147 0.129 0.144 0.156 0.137 0.163 0.0124 
19 0.061 0.062 0.051 0.057 0.078 0.055 0.0094 
20 0.039 0.044 0.046 0.044 0.061 0.050 0.0076 
21 0.049 0.056 0.047 0.047 0.053 0.045 0.0042 
22 0.049 0.075 0.066 0.082 0.069 0.076 0.0115 
23 0.056 0.054 0.059 0.079 0.077 0.066 0.0108 
24 0.047 0.055 0.050 0.058 0.072 0.079 0.0127 
mean standard deviation = 0.0104 
Appendix C AIR VELOCITY DATA TO ESTABLISH SAMPLING TIME C-5 
INTEGRATION TIME = 40secoods 
air velocity (m/s) standard 
Channel 
No. test 1 test 2 test 3 test 4 test 5 test 6 
deviation of 
test I to 6 
data 
1 0.074 0.079 0.101 0.095 0.079 0.100 0.0120 
2 0.048 0.054 0.075 0.064 0.041 0.053 0.0121 
3 0.054 0.071 0.070 0.067 0.058 0.062 0.0068 
4 0.050 0.088 0.064 0.079 0.055 0.065 0.0144 
5 0.039 0.086 0.069 0.088 0.049 0.059 0.0198 
6 0.070 0.078 0.069 0.078 0.059 0.063 0.0077 
7 0.055 0.057 0.066 0.054 0.059 0.059 0.0043 
8 0.090 0.103 0.100 0.102 0.093 0.095 0.0053 
9 0.048 0.050 0.057 0.051 0.057 0.052 0.0037 
10 0.047 0.050 0.059 0.061 0.052 0.059 0.0058 
11 0.064 0.071 0.075 0.069 0.065 0.068 0.0040 
12 0.058 0.060 0.063 0.056 0.060 0.056 0.0027 
13 0.042 0.049 0.050 0.048 0.042 0.052 0.0042 
14 0.048 0.059 0.060 0.055 0.044 0.042 0.0077 
15 0.041 0.035 0.064 0.044 0.038 0.041 0.0103 
16 0.059 0.072 0.092 0.084 0.048 0.067 0.0161 
17 0.075 0.095 0.121 0.091 0.074 0.094 0.0171 
18 0.149 0.160 0.136 0.118 0.155 0.164 0.0173 
19 0.055 0.057 0.053 0.057 0.051 0.057 0.0025 
20 0.043 0.051 0.050 0.047 0.038 0.047 0.0048 
21 0.040 0.047 0.048 0.048 0.044 0.048 0.0033 
22 0.051, 0.065 0.064 0.085 0.049 0.051 0.0137 
23 0.052 0.065 0.062 0.066 0.050 0.054 0.0070 
24 0.069 0.065 0.057 0.058 0.054 0.065 0.0058 
mean standard deviation = 0.0087 
Appendix C AIR VELOCITY DATA TO ESTABLISH SAMPLING TIME C-6 
INTEGRATION TIME = 50seconds 
air velocity (m/s) standard 
Channel 
No. test 1 test 2 test 3 test 4 test 5 test 6 
deviation of 
test 1 to 6 
data 
1 0.076 0.082 0.077 0.090 0.090 0.090 0.0067 
2 0.059 0.047 0.049 0.047 0.048 0.050 0.0046 
3 0.061 0.055 0.048 0.044 0.053 0.051 0.0059 
4 0.082 0.071 0.061 0.060 0.061 0.059 0.0091 
5 0.111 0.083 0.068 0.062 0.086 0.099 0.0184 
6 0.113 0.094 0.067 0.103 0.082 0.145 0.0270 
7 0.068 0.052 0.056 0.068 0.061 0.067 0.0068 
8 0.097 0.096 0.094 0.094 0.101 0.096 0.0026 
9 0.053 0.046 0.050 0.048 0.053 0.053 0.0030 
10 0.056 0.051 0.054 0.051 0.059 0.046 0.0045 
11 0.081 0.062 0.066 0.064 0.086 0.071 0.0098 
12 0.063 0.060 0.052 0.059 0.064 0.058 0.0043 
13 0.044 0.048 0.052 0.048 0.044 0.047 0.0030 
14 0.054 0.044 0.048 0.048 0.046 0.048 0.0033 
15 0.037 0.034 0.038 0.046 0.038 0.040 0.0040 
16 0.067 0.059 0.056 0.045 0.057 0.046 0.0083 
17 0.108 0.057 0.067 0.064 0.080 0.062 0.0188 
18 0.163 0.146 0.159 0.178 0.132 0.155 0.0156 
19 0.057 0.051 0.066 0.056 0.057 0.061 0.0051 
20 0.041 0.041 0.043 0.036 0.046 0.042 0.0033 
21 0.049 0.050 0.045 0.047 0.043 0.046 0.0026 
22 0.065 0.073 0.052 0.052 0.071 0.054 0.0097 
23 0.072 0.057 0.067 0.085 0.067 0.064 0.0094 
24 0.082 0.083 0.071 0.078 0.055 0.064 0.0109 
mean standard deviation = 0.0082 
Appendix C AIR VELOCITY DATA TO ESTABLISH SAMPLING TIME C-7 
INTEGRATION TIME = 60seconds 
air velocity (m/s) standard 
Channel 
No. test I test 2 test 3 test 4 test 5 test 6 
deviation of 
test I to 6 
data 
1 0.107 0.079 0.095 0.081 0.088 0.080 0.0110 
2 0.066 0.046 0.050 0.045 0.067 0.065 0.0106 
3 0.066 0.053 0.056 0.045 0.060 0.062 0.0074 
4 0.075 0.070 0.065 0.063 0.072 0.072 0.0046 
5 0.094 0.108 0.064 0.093 0.066 0.098 0.0180 
6 0.090 0.099 0.074 0.140 0.057 0.079 0.0284 
7 0.068 0.057 0.063 0.054 0.061 0.058 0.0050 
8 0.114 0.099 0.098 0.098 0.100 0.109 0.0068 
9 0.058 0.051 0.059 0.050 0.058 0.060 0.0043 
10 0.069 0.057 0.065 0.053 0.060 0.071 0.0070 
11 0.091 0.080 0.071 0.056 0.065 0.076 0.0122 
12 0.066 0.060 0.056 0.065 0.066 0.058 0.0044 
13 0.053 0.045 0.050 0.048 0.048 0.050 0.0027 
14 0.051 0.051 0.045 0.043 0.048 0.050 0.0033 
15 0.070 0.042 0.039 0.041 0.053 0.043 0.0118 
16 0.072 0.058 0.063 0.057 0.073 0.090 0.0124 
17 0.097 0.100 0.104 0.052 0.089 0.109 0.0206 
18 0.181 0.155 0.136 0.165 0.143 0.167 0.0166 
19 0.054 0.059 0.060 0.052 0.055 0.056 0.0030 
20 0.047 0.044 0.048 0.036 0.042 0.049 0.0048 
21 0.050 0.045 0.045 0.046 0.049 0.053 0.0032 
22 0.064 0.066 0.059 0.052 0.070 0.074 0.0079 
23 0.071 0.072 0.063 0.070 0.051 0.065 0.0079 
24 0.066 0.056 0.056 0.059 0.060 0.065 0.0043 
mean standard deviation = 0.0091 
Appendix C AIR VELOCITY DATA TO ESTABLISH SAMPLING TIME C-8 
INTEGRATION TIME = 90seconds 
air velocity (m/s) standard 
Channel 
No. test 1 test 2 test 3 test 4 test 5 test 6 
deviation of 
test 1 to 6 
data 
1 0.087 0.085 0.097 0.091 0.087 0.091 0.0043 
2 0.049 0.047 0.052 0.070 0.059 0.050 0.0086 
3 0.057 0.053 0.051 0.068 0.056 0.058 0.0059 
4 0.085 0.066 0.067 0.073 0.052 0.059 0.0114 
5 0.101 0.075 0.069 0.080 0.069 0.067 0.0128 
6 0.094 0.074 0.084 0.081 0.096 0.081 0.0084 
7 0.062 0.057 0.069 0.065 0.064 0.063 0.0039 
8 0.092 0.095 0.098 0.103 0.106 0.093 0.0056 
9 0.054 0.051 0.053 0.051 0.051 0.052 0.0013 
10 0.064 0.050 0.052 0.059 0.058 0.054 0.0052 
11 0.079 0.067 0.075 0.085 0.066 0.070 0.0074 
12 0.057 0.058 0.064 0.065 0.060 0.061 0.0032 
13 0.049 0.048 0.046 0.050 0.058 0.043 0.0051 
14 0.053 0.045 0.052 0.056 0.061 0.049 0.0055 
15 0.045 0.045 0.041 0.050 0.052 0.039 0.0050 
16 0.056 0.049 0.061 0.080 0.059 0.067 0.0106 
17 0.073 0.097 0.079 0.096 0.085 0.081 0.0096 
18 0.169 0.142 0.156 0.144 0.152 0.144 0.0103 
19 0.065 0.055 0.058 0.052 0.060 0.058 0.0044 
20 0.048 0.043 0.046 0.065 0.046 0.043 0.0083 
21 0.048 0.047 0.053 0.051 0.045 0.046 0.0031 
22 0.063 0.049 0.070 0.068 0.070 0.056 0.0086 
23 0.064 0.062 0.064 0.056 0.064 0.071 0.0048 
24 0.078 0.054 0.074 0.051 0.061 0.074 0.0115 
mean standard deviation = 0.0069 
Appendix C AIR VELOCITY DATA TO ESTABLISH SAMPLING TIME C-9 
INTEGRATION TIME =120seconds 
air velocity (m/s) standard 
Channel 
No. test 1 test 2 test 3 test 4 test 5 test 6 
deviation of 
test 1 to 6 
data 
1 0.075 0.084 0.093 0.086 0.089 0.080 0.0064 
2 0.044 0.056 0.055 0.044 0.056 0.047 0.0060 
3 0.048 0.065 0.061 0.054 0.064 0.054 0.0067 
4 0.061 0.076 0.059 0.062 0.063 0.067 0.0062 
5 0.086 0.082 0.072 0.075 0.067 0.083 0.0073 
6 0.104 0.084 0.084 0.095 0.071 0.084 0.0113 
7 0.055 0.057 0.059 0.058 0.058 0.061 0.0020 
8 0.094 0.095 0.098 0.094 0.104 0.097 0.0038 
9 0.049 0.058 0.052 0.053 0.054 0.051 0.0031 
10 0.053 0.060 0.058 0.047 0.063 0.053 0.0058 
11 0.062 0.077 0.076 0.063 0.077 0.070 0.0070 
12 0.056 0.061 0.060 0.056 0.059 0.060 0.0022 
13 0.049 0.044 0.050 0.046 0.046 0.051 0.0027 
14 0.040 0.050 0.048 0.042 0.054 0.043 0.0054 
15 0.040 0.051 0.044 0.034 0.057 0.041 0.0083 
16 0.061 0.078 0.069 0.054 0.081 0.058 0.0110 
17 0.060 0.087 0.086 0.079 0.086 0.074 0.0105 
18 0.139 0.139 0.166 0.155 0.143 0.157 0.0111 
19 0.058 0.059 0.060 0.052 0.057 0.050 0.0040. 
20 0.044 0.045 0.048 0.043 0.051 0.049 0.0031 
21 0.045 0.048 0.053 0.045 0.045 0.045 0.0033 
22 0.053 0.074 0.068 0.054 0.067 0.064 0.0083 
23 0.072 0.065 0.063 0.069 0.058 0.074 0.0060 
24 0.065 0.067 0.060 0.065 0.064 0.056 0.0041 
I 
mean standard deviation = 0.0061 
Appendix C AIR VELOCITY DATA TO ESTABLISH SAMPLING TIME C-10 
INTEGRATION TIME =150seconds 
air velocity (m/s) standard 
Channel 
No., test 1 test 2 test 3 test 4 test 5 test 6 
deviation of 
test 1 to 6 
data 
1 0.082 0.083 0.094 0.088 0.084 0.075 0.0063 
2 0.046 0.044 0.047 0.050 0.051 0.046 0.0027 
3 0.053 0.048 0.052 0.061 0.059 0.049 0.0053 
4 0.068 0.057 0.066 0.063 0.076 0.061 0.0066 
5 0.087 0.081 0.073 0.080 0.099 0.084 0.0087 
6 0.088 0.103 0.083 0.086 0.090 0.113 0.0117 
7 0.057 0.056 0.059 0.064 0.058 0.059 0.0028 
8 0.097 0.097 0.094 0.095 0.096 0.095 0.0012 
9 0.049 0.053' 0.053 0.055 0.054 0.053 0.0020 
10 0.056 0.047 0.053 0.063 0.061 0.058 0.0058 
11 0.063 0.061 0.067 0.077 0.069 0.083 0.0085 
12 0.058 0.057 0.063 0.064 0.062 0.062 0.0028 
13 0.044 0.043 0.048 0.046 0.042 0.039 0.0031 
14 0.047 0.042 0.046 0.048 0.047 0.044 0.0023 
15 0.036 0.034 0.038 0.038 0.032 0.037 0.0024 
16 0.058 0.061 0.066 0.067 0.074 0.061 0.0058 
17 0.076 0.071 0.072 0.079 0.096 0.061 0.0116 
18 0.142 0.150 0.162 0.152 0.167 0.150 0.0091 
19 0.052 0.058 0.053 0.056 0.055 0.058 0.0025 
20 0.041 0.039 0.043 0.048 0.042 0.041 0.0031 
21 0.046 0.046 0.050 0.050 0.048 0.048 0.0018 
22 0.060 0.058 0.061 0.067 0.057 0.056 0.0040 
23 0.058 0.061 0.075 0.068 0.071 0.073 0.0068 
24 0.064 0.065 0.062 0.067 0.061 0.061 0.0024 
1 
mean standard deviation = 0.0050 
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Figure D-l a: Temperature stratification with height within the test cell 
near the openings, measured over a 12 hour period 
(heater on full, louvres fully open). 
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Figure D-lb: Temperature stratification with height in the centre of 
the test cell distant from the openings, measured over a 
12 hour period (heater on full, louvres fully open). 
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Figure D-2a: Temperature stratification with height within the test cell 
near the openings, measured over a 12 hour period 
(heater on half, louvres fully open). 
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Figure D-2b: Temperature stratification with height in the centre of 
the test cell distant from the openings, measured over a 
12 hour period (heater on half, louvres fully open). 
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Figure D-3a: Temperature stratification with height within the test cell 
near the openings, measured over a 12 hour period 
(heater off, louvres fully open). 
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Figure D-3b: Temperature stratification with height in the centre of 
the test cell distant from the openings, measured over a 
12 hour period (heater off, louvres fully open). 
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Figure E-la: Q,,,,,, /wind velocity plots lör wind directions from 0° to 
25°N. 
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Figure E-]b: Q,,,,, /wind veloc ity plots for wind directions from 30° to 
55°N. 
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Figure E-1c: Qve,,, /wind velocity plots for wind directions from 60° to 
85°N. 
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Figure E- l d: Q,,:, 1/wind velocity plots ibr wind directions from 90° to 
II0°N. 
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Figure E-le: Qven, /wind velocity plots for wind directions from 205° 
to 230°N. 
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Figure E-1f Q,,,,, /wind velocity plots for wind directions from 235° 
to 260°N. 
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Figure E-lg: QV,,,, /wind velocity plots for wind directions from 265° 
to 290°N. 
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Figure E-lh: Q,,,,, /wind velocity plots für wind directions from 295° 
to 320°N. 
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Figure E-2a: "Pinnock" plots for wind directions from 0° to 55°N. 
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Figure E-2b: "Pinnock" plots for wind directions from 60° to I 15°N. 
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Figure E-2c: "Pinnock" plots for wind directions from 120° to 175°N. 
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Figure E-2d: "Pinnock" plots for wind directions from 180° to 235°N. 
Appendix E RESULTS FROM MAIN EXPERIMENT 1ý; -15 
wind direction 240 to 295°N 
wind dir. = 240°N wind dir. = 245°N 
4r=0.995 4r=0.994 
ä Kp = 0.476 Kp = 0.476 
°-2 2j 
0 1000* 
"0 best-fit grad. = 0.502 0 ISOOW14 
best-fit grad. = 0.487 
02460246 
wind dir. = 250°N wind dir. = 255°N 
4 r=0.994 4 r=0.991 
m Kp=0.476 J,, 
Kp=0.476 
, l: (2-2 2' 
(D -00 
00000 best-fit grad. = 0.485 01000wo 
best-fit grad. = 0.510 
02460246 
wind dir. = 260°N wind dir. = 265°N 
E0) 4 r=0.989 4 r=0.986 
co Kp = 0.476 Kp = 0.476 
°' 22 
c >0 best-fit grad. = 0.494 0 0000*04or 
best-fit grad. = 0.475 
02460246 
wind dir. = 270°N wind dir. = 275°N 
E4r=0.974 4r=0.989 
Cu Kp=0.476 Kp=0.476 ,, 
0-2 2 
0*# best-fit grad. = 0.497 
best-fit grad. = 0.473 
02460246 
wind dir. = 280°N wind dir. = 285°N 
4 r=0.986 4 r=0.983 
ö Kp=0.476 Kp=0.476 
0-2 .1 *i +2 
0" best-fit grad. = 0.463 0 
"`F best-fit grad. = 0.491 
02460246 
wind dir. = 290°N wind dir. = 295°N 
4 r=0.992 4 r=0.978 
ä Kp = 0.476 Kp = 0.476 
a2 ? ý`+ 2 
c 
0 ,q best-fit grad. = 0.454 0 }4 
best-fit grad. = 0.472 
02460246 
Ar" Ar" 
Figure E-2e: "Pinnock" plots for wind directions from 240° to 295°N. 
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Figure E-2f. "Pinnock" plots for wind directions from 300° to 355°N. 
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Figure E-3a: "Pinnock" plots for wind directions from 0° to 55°N, 
drawn on a large scale to show the region reflecting 
wind velocity >1 m/s. 
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Figure E-3b: "Pinnock" plots for wind directions from 60° to I I5°N, 
drawn on a large scale to show the region reflecting 
wind velocity >1 m/s. 
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Figure E-3c: "Pinnock" plots for wind directions from 120° to 175°N, 
drawn on a large scale to show the region reflecting 
wind velocity >I m/s. 
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Figure F-3d: "Pinnock" plots tör wind directions from 180° to 235°N, 
drawn on a large scale to show the region reflecting 
wind velocity >1 m/s. 
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Figure E-3e: "Pinnock" plots tör wind directions from 240° to 295°N, 
drawn on a large scale to show the region reflecting 
wind velocity >I m/s. 
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Figure E-3f: "Pinnock" plots for wind directions from 300° to 355°N, 
drawn on a large scale to show the region reflecting 
wind velocity >I m/s. 
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Figure E-4a: Qve,,, /Q, °,, p plots when wind velocity > 
Om/s for wind 
directions from 0° to 55°N. 
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Figure E-4b: Qvent/Qct, P plots when wind velocity 
> Om/s for wind 
directions from 60° to 110°N. 
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Figure E-4c: Qvent/Qteºnp plots when wind velocity > Om/s für wind 
directions from 205° to 260°N. 
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Figure E-4d: Qvent/Q<eR, 
p plots when wind velocity > 
Orn/s for wind 
directions from 265° to 320°N. 
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Figure E-4e: Q,,,,, /Q,,,,, p plots when wind velocity > Om/s Ibr wind 
directions from 325° to 350°N. 
